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Bottom up approaches represent a bridge that fills the gap left by conventional 
photolithography for fabricating macroscopic structures with nanoscopic features. 
Colloidal crystals of nanospheres fabricated from bottom up methods such as self-
assembly exemplify low cost structures of high periodicity in the nanoscale range. 
These structures will assist efforts to resolve and analyze substances at the molecular 
level. In this thesis, a novel biological application of self-assembled colloidal crystals 
is successfully demonstrated: Confinement of protein molecules in the interstitial 
cavities of colloidal crystals. 
 
The software Gambit was used to visualize and assess the degree of confinement 
provided by the cavities of colloidal crystals. The interstitial spaces can be interpreted 
as a network of two kinds of cavities: octahedral and tetrahedral cavities. Through 
mathematical derivations, we evaluate the effective confinement provided by each of 
the cavity and compare this to theoretical limits for possible stabilization and 
entrapment of protein. Entrapment in 100 nm colloidal crystals should entrap and 
stabilize protein such as horseradish peroxidase (HRP) based on thermodynamics 
calculations. 
 
The horizontal deposition self assembly procedure was modified in order to increase 
the efficiency of the self-assembly process. Introducing a mechanical template 
modifies the meniscus profile of the dispensed suspension and introduces extra surface 
tension forces which reduce spreading and the contact area assisting the formation of 
colloidal crystals. We term our method surface tension assisted self assembly. 
Summary 
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Colloidal crystals using 1 μm, 500 nm, 200 nm and 100 nm diameter nanospheres 
were fabricated. In anticipation of the biological work, the colloidal crystals must 
retain their structure integrity in water since enzymes work in water. We show that 
with thermal annealing of  96 °C, the nanospheres do not lose their face centred cubic 
(FCC) packing when solvent is reintroduced.  
 
Fluorescence correlation spectroscopy technique was used to analyze how diffusion is 
influenced by the amount of free space inside the colloidal crystals experienced by the 
diffusing molecule. Molecules (dye, dextranes and labeled avidin) of molecular weight 
over four orders of magnitude are used inside the colloidal crystals of different sizes. 
We note that dextran of 40 kDa is confined in the colloidal crystals formed from 100 
nm nanospheres. We inferred that HRP with comparable molecular weight should be 
immobilized in 100 nm nanospheres as well. 
 
Using fluorescent beads and quantum dots, we show that with scanning confocal 
microscopy we can create surface plots inside the colloidal crystals. Subsequently, we 
show how the enzyme HRP catalyses the conversion of the non-fluorescent substrate 
dihydrorhodamine into fluorescent rhodamine. Finally combining all the work that 
have been done, we show that HRP can be immobilized and tracked in 100 nm 
colloidal crystals for at least 30 s and we are capable of observing single molecules of 
HRP turning substrates into product. 
 
In brief, we demonstrate both theoretical and experimental evidences for the 
entrapment of protein (HRP) in the interstitial cavities of colloidal crystals. This has 
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potentials for scientific investigations of enhanced protein stability due to spatial 
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In this thesis, we present both theoretical and experimental work that explores a novel 
application of templates fabricated from colloidal particles: Nanopatterning/ 
Confinement of bio-molecules inside the interstitial cavities of colloidal crystals. After 
an extensive literature and patent search, we confirm the novelty of our method to the 
best of our knowledge. The development of the thesis is laid out in three broad 
sections: i) Analysis of the interstitial spaces of colloidal crystals ii) Fabrication of 
colloidal crystals iii) Verification of confinement of active protein using fluorescence 
correlation spectroscopy and scanning confocal microscopy. Immobilized bio-
molecules open the door to a whole spectrum of applications. Three of the most 
promising applications include immobilized molecules in protein microarrays for 
pharmaceutical uses, bioelectronics/molecular computing substitutes for silicon based 
semiconductor technology and theoretical studies of protein folding issues under 
spatial confinement.  
 
1.2 Self assembled colloidal crystals 
 
Two-dimensional self-assembled arrays of nanospheres with hexagonal symmetry 
have been well characterized and reported1 These nanospheres with well-defined 
repeating regular cavities have become a tool as deposition masks in nanosphere 
lithography. Fig. 1.1 shows monolayer of nanospheres which can be potentially used 
as a deposition mask. Additionally, three-dimensional self-assembled colloidal crystals 
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have been reported to have potential applications in diverse fields such as in 
photonics2 (see Fig. 1.2), optoelectronics,3 data storage,4 and chemical and 
biochemical sensors.5 In this thesis, colloidal crystals function as three-dimensional 
templates where the regular interstitial cavities are sites of confinement for bio-
molecules. The nanospheres are arranged in face centre cubic fashion which is the 
optimal packing of spherical colloidal crystals, as Kepler6 and Hales7 had predicted. 
This arrangement has the maximum packing density of 0.74.8 However, what interest 
us more are the interstitial cavities in between the nanospheres rather than the 
nanospheres. Due to the regularity of the packing of the nanospheres, the interstitial 
cavities exhibit controlled size and shape uniformity as well as excellent periodicity in 
space. These properties make the cavities suitable candidates as a three dimensional 
templates for nanopatterning of bio-molecules. 
 
Fig. 1.1: Scanning electron microscope (SEM) image of a monolayer of colloid 
particles. The monolayer acts as a deposition mask in nanosphere lithography. Image 
courtesy of Ms Foo Kai Lin, a FYP student working on improving monolayer 
coverage. 
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Fig. 1.2: Figure shows an inverse opal structure used in nanophotonics. Colloids are 
self assembled to form a three dimensional structure. Material of high optical 
refractivity is used to fill the cavities between the spheres after which the spheres are 
dissolved to form the inverse opal structure. 
Source: www.tc.umn.edu/~weix0040/inverseopals.gif 
 
Using colloidal crystals as patterned material marks a sensible departure from the 
conventional top-down approach for the fabrication of patterned materials. 
Traditionally, patterned material research has been propelled by commercial interests 
especially from the well-established semiconductor industry and hence uses processes 
such as photolithographic processes,9 contact printing10 and dip-pen 
nanolithography.11 Yet the top-down approach has an inherent size limitation often 
posed by the wavelength of light use in photolithography. Further miniaturization of 
the features in patterned media below 200 nm (wavelength of ultraviolet light) faces 
many difficulties. Self-assembly of nanospheres into three dimensional colloidal 
crystals is an example how bottom-up strategies (enlargement strategies) can be used 
to fabricate larger, functional structures. The bottom-up approach has the potential of 
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addressing the size limitation problems of fabrication of nano-features using top-down 
approaches. 
 
Another obvious superiority of self-assembly over top-down methods is its low cost 
and its simplicity.  Top-down methods such as silicon microfabrication require 
expensive equipment, often barring experimentations for those without routine access 
to micro to nano scale fabrication facilities. Hence there is a motivation for the demand 
for alternative methods such as self assembly of colloidal crystals. 
 
Encouraged by the plentiful applications of these face-centred cubic colloidal crystals, 
many methods have been explored to grow them. These methods include physical 
confinement,12 flow-controlled vertical deposition13 and horizontal deposition14. 
Among these methods, the horizontal deposition method proves to be the most 
promising as a simple, rapid, cost-effective and controllable fabrication method. This 
can be attributed to the flaws of other methods being too material-consuming, time-
consuming, having the need for special facilities or difficult to control the crystalline 
orientation and layer thickness.14 Hence the first part of the project, we modify the 
horizontal deposition method with the aim of optimizing conditions for the formation 
of colloidal crystals for low concentration of colloidal suspension of various 
nanosphere sizes: 1 μm, 500 nm, 200 nm and 100 nm in diameter. 
 
1.3 Three-dimensional nanopatterning 
 
Nanopatterning involves the positioning of biological molecules, often protein, at 
precise locations. This often involves the creation of structures of patterns in the micro 
to nanometer range based on lithography techniques. The first work on nanopatterning 
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was based on work to incorporate biological molecules into miniature bio-electronic 
devices.15 Using photolithographic techniques from the semiconductor industries, 
MacAlear and Wehrung created patterns on an underlying compressed layer 
containing protein.16 Later, ion sensitive field-effect transistor (ISFET) with micro 
wells for the physical containment of immobilizing enzyme solutions, were created 
using photolithographic techniques as well.17  
 
Work on creation of structures for nanopatterning has mainly been concentrated on 
two-dimensional structures using photochemistry methods as well as self-assembled 
monolayers. The creation of three-dimensional structures for nanopatterning is pretty 
much in its infancy stage. Most of the work has been concentrated on using 
lithographic methods which as explained has an inherent limitation in the size that it 
can achieve. In addition, imprint lithography (direct/ reverse mode) has been used to 
create three-dimensional structures of microchannels for fluids. This thesis seeks to 
use three- dimensional colloidal crystals with its interstitial cavities as a template for 
the nanopatterning of proteins. 
 
One key reason for placing protein molecules inside the confined spaces of the cavities 
of colloidal crystals is the enhanced structural stability induced by the spatial 
confinement. This enhanced structural stability is of interest to both scientists and to 
the industries. Proteins in the cells exist in a crowded environment and are confined 
naturally in intercellular compartments. Currently, there is a rekindling of interest in 
understanding the folding of protein and how this is affected by spatial confinement. 
From an industrial perspective, enhanced stability helps in fabricating more reliable 
bio-sensors with more accurate and reproducible results. Additionally moving from 
Chapter 1 Introduction 
 6
two dimensions to three dimensions, the sensitivity of the bio-sensor/ protein 
microarrays is greatly enhanced because more bio-agents can be loaded in the three 
dimensional structures. Another exciting application for our nanospheres loaded with 
bio-molecules is in bioelectronics where the precise positioning of proteins can help in 
the field of optical memories based on biological agents. All this will be expanded in 
the literature review, chapter 2. 
 
1.4 Fluorescence confocal spectroscopy 
 
Fluorescence confocal spectroscopy (FCS) is a powerful technique which enables 
investigation of parameters of interest under intercellular conditions. We have chosen 
the FCS technique to demonstrate entrapment inside colloidal crystals because unlike 
normal microscopy, it allows measuring not just on the surface of the crystals but 
inside the crystals as well. The pinhole in FCS system blocks out fluorescence not 
originating from the focal region, giving resolution in the z-direction. 
 
The main principle of FCS is based on often minute fluctuations of the fluorescence 
signals and hence works best under low concentration of fluorescent molecules. This is 
useful since using normal concentrations of fluorescent molecules would just give a 
uniform glow of fluorescence on a surface plot and no useful information can be 
extracted. Secondly, improvement in technology and the understanding of factors 
attributing to good signal to noise ratio have pushed the concentration low enough to 
the extent of making measurements from a single fluorescent molecule possible. This 
brings all the advantages of making single molecule measurement such as the 
extraction of information from a heterogeneous distribution of molecules. 






The ultimate objective of this thesis is to demonstrate the possibility of using colloidal 
crystals as a template for positioning of bio-molecules such as protein. In order to 
achieve this objective, we have set several milestones for showing entrapment of 
protein molecules in colloidal crystals.  
 
The first milestone for the project is to have a theoretical understanding of the 
confinement provided by the cavities. Here, we evaluate the size and geometrical 
shape of the cavities in between the nanospheres arranged in a face centred cubic 
(FCC) manner and compare this to the requirements that we need to satisfy for protein 
stabilization and entrapment. 
 
The second of these milestones is to fabricate successfully colloidal crystals suitable 
for entrapment of enzyme. After evaluating the relative advantages of the different 
fabrication techniques and factoring in the equipment available in our laboratory, we 
have chosen the horizontal deposition self assembly as the method of fabrication. Yet 
one of the flaws of the self assembly method is the relative lack of control in the 
formation process. However this can be addressed by understanding the mechanism of 
self-assembly methods. Consequently, we seek to optimize the macroscopic conditions 
in our experiments so that we can maximize the thickness and coverage of the 
colloidal crystals formed from the colloidal suspension available in our laboratory.  
Additionally, we seek to ensure the integrity of the structure in an aqueous 
environment.  
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Having fabricated the colloidal crystals, we are in a position of testing the possibility 
of confining biological molecules. For this part, we invest our efforts in fluorescence 
correlation spectroscopy which allows us to study the movement of biological 
molecules inside the colloidal crystals from different regimes such as hindered 
diffusion to entrapment. We conclude the thesis by showing that it is possible to entrap 
individual enzyme molecules and observe them turning substrates into products using 
scanning confocal microscopy. 
 
1.6 Thesis Outline 
 
This thesis is divided into 7 chapters. 
 
Chapter 2 is the literature review of the thesis. It is divided into two broad sections. 
The first section is based on recent research into creating colloidal crystals. The 
mechanism of the self-assembly process in forming colloidal crystals is discussed. 
This is aimed at giving a background for experimental work in chapter 4. The second 
part of the chapter reviews recent work on nano-patterning of biomolecules. We 
highlight some of the interesting and exciting applications for colloidal crystals with 
confined bio-molecules. This includes uses in bio-electronics as a three-dimensional 
memory storage device and as protein micro-arrays for pharmaceutical uses. Enhanced 
stability achieved from spatial confinement is discussed from both an industrial 
perspective as well as from a theoretical scientific perspective. 
 
Chapter 3 presents some modeling results of cavity configuration and their entrapment 
performance. The software Gambit is used to visualize the cavities. We identify two 
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types of cavities: octahedral and tetrahedral cavities. We see that the inverse colloidal 
crystal geometry consists of a network of interconnected cavities. Through 
mathematical derivations, we assess the effective confinement provided by each of the 
cavity and compare this to theoretical limits for possible stabilization of protein and 
entrapment. Additionally, we assess the possibility of entrapment of protein by 
evaluating the spatial hindrance to diffusion due to the passage way linking the 
cavities. 
 
Chapter 4 is the colloid chapter which involves all the necessary considerations 
leading to the fabrication of colloidal crystals for our biological work. From our 
understanding of the self-assembly mechanism, we propose a surface tension assisted 
self assembly to increase the efficiency of the self-assembly process. We note the 
successful fabrication of colloidal crystals from 1 μm, 500 nm, 200 nm, 100 nm 
diameter nanospheres. This chapter also deals with ensuring that the colloidal crystals 
retain their structure integrity in water since enzymes work in a water environment. 
Heat treatment of the colloidal crystals is discussed because heating can effectively 
help to gel the spheres together and gives the structure resistance against water.  
 
Chapter 5 is the first fluorescence confocal spectroscopy chapter. The working 
principle of FCS technique is discussed and the FCS setup explained. This chapter 
mainly analyses how diffusion is influenced by the relative amount of free space 
experienced by the molecule. Molecules (dye and dextranes) of molecular weight over 
four orders of magnitude are tracked in the colloidal crystals of different sizes using 
FCS. We verify that as the size of the diffusing molecules approaches the size of the 
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interspatial spaces in the colloidal crystals we pass from a regime of normal diffusion 
to anomalous subdiffusion to eventual entrapment. 
 
Chapter 6 is the second chapter of fluorescent technique where experimental work is 
concentrated on the demonstration of the confinement of molecules. Firstly, 
fluorescent beads and quantum dots assist the development of scanning confocal 
microscopy technique to create surface plots inside the colloidal crystals. We select the 
enzyme horseradish peroxidase which turns non-fluorescent substrate 
dihydrorhodamine into fluorescent rhodamine. During the reaction, a fluorescent 
enzyme-product complex is formed and can be detected by scanning confocal 
microscopy. 
 
Chapter 7 concludes the thesis by briefly recapping the work done in this thesis. In 
order to give new possibilities to our original idea of confinement, the concept of 
electrophoresis is raised. We also evaluate areas where further work can be 
implemented so that the idea of confinement of biological molecules in colloidal 
crystals can have even greater impact in the industries and for science in general.
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To cater to the scope of the thesis, the literature review is divided into two sections. 
The first section provides a comprehensive and up-to-date review of the fabrication 
techniques of colloidal crystals in a bid to assist the decision for a suitable fabrication 
technique of colloidal crystals as demonstrated in chapter 4. The second part of the 
literature review first provides some background on nanopatterning with recent work 
on different methods of nanopatterning of bio-molecules. Another objective of this 
part of the review is to give some possible applications of protein entrapped in 
colloidal crystals based on recent investigations in protein stability in confined spaces, 
advancement in bioelectronics and lab on a chip for pharmaceutical uses. 
 
2.2 Nanospheres  
2.2.1 Self-assembly and fabrication of colloidal crystals 
 
 
This section reviews various methods of fabricating colloidal crystals from 
suspensions of polymeric/ silica micro- to nanospheres. Emphasis is given to the 
horizontal deposition self assembly method since we seek to justify the basis for 
choosing a modified horizontal deposition self assembly method as our fabrication of 
the colloidal crystals in Chapter 4. We include other methods of forming colloidal 
crystals and provide a compare and contrast approach to illustrate the advantages and 
drawbacks of the horizontal deposition self assembly method. The mechanism of self-
assembly using a horizontal deposition method is also discussed and the factors 
affecting the quality of the crystals are explored. Lastly, we look at work that 
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demonstrates colloidal structures with cavities of interesting shapes, different from 
those of colloidal crystals. 
 
2.2.2 Horizontal deposition self assembly 
 
Colloidal crystals can be fabricated with a horizontal deposition self assembly method 
which involves sedimentation of nanospheres in a gravitational field. Polystyrene or 
silica nanospheres are deposited on different substrates such as silicon or glass. To 
deposit the nanospheres horizontally, the substrate is placed horizontally in a 
controlled environment and an aqueous suspension of nanospheres is dispensed on the 
substrate. The dispensed suspension is allowed to dry slowly over a period of a couple 
of hours to several weeks.1 The nanospheres self assembled due to an interplay of 
inter-particle forces during the solvent removal process and form regular monolayers 
or multilayer of colloidal crystal depending on the parameters employed. 
 
Although conceptually simple, successful self-assembly by the sedimentation process 
requires a very precise understanding of parameters such as concentration, volume of 
suspension deposited, size and density of the colloidal particles. The mechanism of 
horizontal deposition and an analysis of the influence of the suspension concentration 
and the volume deposited on the thickness of the colloidal crystal formed are provided 
next. 




Fig. 2.1: SEM images of the cross section of colloidal crystals (PS spheres of 0.26 μm 
in diameter) deposited on a silicon substrate.2 
 
2.2.3 Mechanism of self-assembly of horizontally deposited suspension  
 
The shape of the liquid meniscus is an important factor in governing where self-
assembly begins. The self-assembly process begins where the liquid meniscus is the 
thinnest. Hence in the case of a horizontally deposited suspension, a concave meniscus 
will result in nucleation beginning in the centre while for that of a convex meniscus, 
nucleation begins at the periphery.   
 
In one experiment by Denkov et al.,3 a setup (Fig. 2.2) was used to obtain a concave 
meniscus such that the ordering starts from the central (thinnest) part of the concave 
liquid layer containing colloidal particles.  
 
 




Fig. 2.2: Schematic of the basic experimental cell that forms a concave liquid-air 
meniscus.3 
 
Experimental evidences established by Denkov3 and by Kralchevsky4 explain the 
dynamics of two-dimensional ordering of micro to nano sized spherical nanospheres 
(formation of monolayer of nanospheres in a FCC structure). They explained the 
factors that come into play in the formation of well-ordered arrays. Direct observations 
revealed that the predominant factors governing the ordering are the attractive 
immersion capillary forces (between particles partially immersed in a liquid layer on a 
solid substrate, see Fig. 2.3) and the convective transport of the particles towards the 
ordered region. Other forces such as flotation capillary forces, electrostatic repulsion 
and van der Waals attraction between the particles are found to be of negligible 
influence. 
 
Fig. 2.3: Two spheres partially immersed in a liquid layer on a horizontal solid 
substrate. The deformation of the liquid meniscus gives rise to an interparticle 
attraction5 that draws the two spheres together. 
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Two-dimensional array formation can be broken down into two distinct stages. First, 
array formation starts when the thickness of the water layer becomes approximately 
equal to the particle diameter. When this happens, the upper surface of the thinning 
aqueous layer in the wetting film presses the particles toward the water-substrate 
interface forming a nucleus of ordered phase. This means that the particles are no 
longer suspended in the suspension but are in contact with the substrate surface. The 
deformation of the liquid meniscus gives rise to an interparticle attraction (immersion 
capillary force) that draws the particles together.  
 
Once the nucleus is formed, the second stage of crystal growth starts with the 
directional motion of particles towards the ordered array. This gives rise to well-
ordered monolayers or well-ordered domains consisting of multilayers. This means 
that the regions where nucleation starts will have thick multilayers since materials are 
transported to these regions. For a suspension with low concentration, moving away 
from the area where nucleation has commenced, we will see the thickness of the 
multilayer decreasing until we reach monolayer coverage. Moving on further, we 
observe areas covered only by sparse aggregates of 3-5 spheres. 
 
For comparison purposes, we contrast the self-assembly process for a convex meniscus 
which is formed from the deposition of colloidal particles suspensions on a horizontal 
substrate18 (Horizontal deposition). Basically the self-assembly process occurs with the 
same mechanism and the same interparticle forces coming into play. The main 
difference lies in the fact that in a convex aqueous layer, the meniscus at the edge is 
much thinner than the middle region. Hence upon evaporation, the nanospheres at the 
periphery are pressed onto the substrate surface where the liquid meniscus is less than 
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the diameter of the nanospheres. Nucleation starts at the periphery (instead of at the 
centre) because of immersion capillary forces pulling the nanospheres together, 
packing them in a regular FCC structure. A radial convective flow away from the 
center follows, transporting material towards the periphery and promoting the 
formation of thick layers at the edges instead of at the center as in the case of a 
concave meniscus. (See Fig. 2.4) 
  
 
Fig. 2.4: A scheme showing the mechanism for self-assembly process for a convex 
liquid meniscus.5  
 
 
Intuitively, macroscopic factors other than the shape of the liquid meniscus that affect 
the thickness and the extent of multilayer formation are the concentration and the 
volume of the suspension that is dispensed onto the substrate. An increase in 
concentration of the colloidal suspension can aid multilayer formation of colloidal 
crystals in terms of the thickness of the crystals formed using a horizontal deposition 
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method. A linear relationship (See Fig. 2.5) between the number of layers formed and 
the concentration of the suspension used has been established5,18 For the experiment, 
70 μl of different concentrations of polystyrene spheres were deposited on a 22 mm × 




Fig. 2.5: Number of layers for colloidal crystal films versus suspension concentration.5 
 
Additionally, an increase in the volume of the suspension means that more 
nanospheres are being dispensed and hence naturally will lead to thicker colloidal 
crystal films. Fig. 2.6 shows the relationship between the number of layers and the 
volume of suspension of 1.5% w/w of polystyrene spheres deposited on a 22 mm × 22 
mm glass substrate.  
 
Fig. 2.6: Number of layers for colloidal crystal films versus suspension volume.5  
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Consequently, an increase in the concentration and volume of the nanospheres can lead 
to thicker colloidal crystal films. This is a basis for the starting point of our 
experimental work where we try to maximize the thickness and coverage of the 
colloidal crystals.  
 
2.2.4 Other fabrication techniques of colloidal crystals  
 
The vertical deposition method can form large areas of colloidal crystals with the 
possibility of controlling the thickness of the colloidal crystals formed. A substrate is 
placed vertically in a colloidal suspension. With the evaporation of the solvent, the 
liquid meniscus descends along the substrate surface, and a thin layer of colloidal 
particles forms on the substrate.3,6 Strong capillary forces at the meniscus region 
induce crystallization of colloidal spheres into a 3D ordered structure. (See Fig. 2.7) 
Solvent evaporation at the drying front induces a convective flow of nanospheres to 
the crystallization region. This flux of material can be equally achieved by applying a 
temperature gradient.7 The control of thickness is achieved by regulating the balance 
between the capillary forces and the convective flux. 
 
Fig. 2.7 Silica particles are forced into an ordered arrangement on the surface of a 
vertically placed silicon wafer as the meniscus is swept downwards by evaporation of 
the solvent.8 
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More precise control of the thickness of colloidal crystal fabricated is achieved with 
the Langmuir-Blodgett (LB) deposition9 method. It is similar to the vertical deposition 
method, but in the LB method we move the substrate vertically upwards and 
downwards and by adjusting the speed of movement, single layers of nanospheres are 
deposited at each cycle, yielding colloidal crystals of controlled thickness depending 
on the number of cycles that are performed. 
 
Both the horizontal and vertical self-assembly can be grouped under spontaneous self-
assembly. For spontaneous self-assembly, the favored geometrical packing of the 
nanospheres is the face centered cubic geometry. Yet, other geometrical packing may 
be of scientific interest as well. For example, colloidal crystals used as photonic band 
gap (PBG) crystals in photonics, a tetrahedral diamond arrangement allows a full PBG 
in the first Brillouin zone which makes any defects in the crystals less damaging. (FCC 
arrangement has a PBG only in the second Brillouin zone and hence any defects have 
more adverse effects for photonic applications.) Additionally the tetrahedral 
arrangement lowers the requirement for the refractive index contrast from 2.8 for FCC 
to 2.0. For our purpose, different arrangement gives us the flexibility of engineering 
cavities of different shapes and sizes. Though spontaneous self-assembly results in 
FCC packing, other packing of charged nanospheres can be obtained by tuning the 
electric field strength and by varying the colloidal volume fraction. (See Fig. 2.8) 




Fig. 2.8: Volume fraction-electric field phase diagram. The labeled phases are (in 
clockwise order) b.c.c. = body centered cubic, f.c.c. = face centered cubic, b.c.o. = 
body centered orthorhombic, s.f.t. = space filling tetrahedral and b.c.t. = body centered 
tetrahedral.10 
 
Charged and sterically stabilized poly(methyl methacrylate) (PMMA) with radius 1.0 
or 2.0 μm are labeled with fluorescent dyes and studied with a confocal microscope 
which allowed investigation of the packing structure within the crystal. Parameters that 
are tuned included hard sphere repulsion, electrostatic repulsion and an orientation 
dependent dipolar term. The results in the absence of an electric field are consistent 
with earlier studies (FCC packing) but more significantly, turning on the electric field 
gave the possibilities of forming colloidal crystals with different geometrical 
arrangement of nanospheres: BCC, FCC, BCO, SFT, BCT arrangements. However a 
limitation of this method is the structure stability of the arrangement with the 
withdrawal of the electric field. When the field used for assembly is switched off, 
capillary forces induce a rearrangement of the nanospheres back into the preferred 
FCC orientation. 
 
In another experiment by Gates et al.11, self-assembly inside a confinement space to 
form colloidal crystal was investigated. This method enabled the formation of thick 
layers of colloidal crystal with a low colloidal suspension concentration of 0.05 wt %. 
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This is remarkable compared to the horizontal deposition method described earlier 
because in the earlier method a concentration of at least 8 wt % was required to form 
the same 25 layers of colloidal crystal using the horizontal deposition method.  
 
The following schematics (Fig. 2.9) helps to illustrate the procedures involved better. 
 
Fig. 2.9: Schematic outline of the experimental procedure. Aqueous suspension was 




The experimental cell is fabricated by sandwiching a photo resist frame between two 
glass substrates. A positive pressure was applied through the glass tube to force the 
injected suspension towards the bottom of the cell. Water can leak out through the 
cavities in the photo resist at the bottom of the cell and the nanospheres trapped at the 
bottom of the cell are packed into a regular FCC array. It is noted that the size of the 
cavities (h in Fig. 2.9) must be smaller than the diameter of the nanospheres used or 
else the nanospheres will leak through the cavities. 
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2.2.5 Structures with cavities with different shapes and sizes 
 
Colloidal crystals formed under spontaneous self-assembly have a FCC structure. We 
can vary the diameter of the nanospheres to change the size of the cavities between the 
nanospheres. However for colloidal crystals, the cavities have a fixed shape because of 
the FCC arrangement. Yet, it is possible to form cavities of various shapes without 
using an electric field. Yin et al. has demonstrated that by using innovative methods of 
confining nanospheres (less than ten) into holes created in photoresist, aggregates of 
nanospheres with interesting cavities 12 can be formed. 
 
Physical templating is used to induce the assembly of monodispersed spherical 
nanospheres into uniform aggregates with well-controlled sizes, shapes, and structures. 
The dispensed nanospheres on the substrate were trapped by the recessed regions and 
assembled into structures determined by the geometric confinement provided by the 
templates. Fig. 2.10 shows the different aggregates formed by confining different sizes 
of nanospheres in a two dimensional array of 2 μm holes. Hybrid aggregates in the 
shape of HF (dimers as seen in Fig. 2.10A) and H20 (trimers as seen in Fig. 2.10B) etc. 
were formed. This research provides evidence of the possibility of engineering 
structures with cavities of both controlled sizes and shapes by using nanospheres. 
 
Basically the template consists of a layer of photo resist and circular holes in the photo 
resist are created by photolithography techniques. PS beads dispensed on these 
surfaces are trapped in these holes, creating different geometrical structures due to 
their different sizes. Once formed, the internal structure within the colloidal aggregates 
can be preserved by welding the building blocks into a stable, permanent, single piece. 
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Thermal annealing the sample cause individual spheres to join together due to 
viscoelastic deformation. The photoresist can be dissolved with 2-isopropanol and the 
aggregates released from the substrate surface by sonification. 
 
Fig. 2.10: SEM images of typical examples of polygonal aggregates that were formed 
by templating polystyrene spherical beads against 2D arrays of cylindrical holes of 
diameter 2.0 μm.12 
  A) A 2D array of dimers formed from 1.0 μm  PS beads 
B) A 2D array of trimers formed from 0.9 μm  PS beads 
C) A 2D array of square tetramers form from 0.8 μm  PS beads 
D) A 2D array of pentagons formed from 0.7 μm  PS beads 
 
 
Additionally, the vertical dimension of the templates can also be explored to generate 
three-dimensional colloidal structures. (See Fig.2.11) 
 
 




Fig. 2.11: SEM images of 2D arrays of double-layered colloidal aggregates.12 
A) Vertically tilted dimers of 1.1 μm PS beads in cylindrical holes 2.0 μm in diameter 
and 2.0 μm in height. 
B) Tetrahedrons of 1.0 μm PS beads in cylindrical holes 2.0 μm in diameter and 2.0 
μm in height. 
 
2.2.6 Comparison of different fabrication techniques 
 
We have seen several different techniques of fabricating colloidal crystals. These 
include the horizontal deposition, the vertical deposition, the Langmuir-Blodgett 
deposition, self-assembly under an electric field, template directed assembly and self-
assembly under physical confinement. The horizontal deposition method13-17 has the 
following advantages: It proves to be superior because other methods are either 
complex, require special facilities9,12, time-consuming18,19, material-consuming20,21 
difficult to control the crystalline orientation and film thickness6,7.  
 
Yet this method is not without flaws. Firstly, simultaneous nucleation in horizontal 
deposition often results in the formation of polycrystalline domains with different 
lattice orientations and capillary forces are often so strong that cracks formed in the 
dried crystals. Another inconvenience is the difficulty in controlling the thickness of 
the colloidal crystals formed. 
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Considering both the strong and weak points of the horizontal deposition self-
assembly, we decided to adopt the horizontal deposition method for the following 
reasons: 1) Though the quality of the crystal is important, it is not critical in our work 
for a proof of concept on entrapment using colloidal crystals. 2) We do not need an 
accurate control of the thickness of the colloidal crystal being formed. We just need to 
ensure that the crystals are thick enough to work with fluorescence confocal 
spectroscopy in chapter 5. 3) Indeed, the simplicity of the method is an attractive 
quality for us: i) Complicated methods and use of chemicals may inevitably introduce 
agents or conditions that may kill off the bio-molecules that we seek to entrap inside 
the crystals. ii) Additionally, this method does not require complex facilities outside 
our laboratory. Hence we choose the horizontal deposition self assembly technique as 
our principle method to form colloidal crystals. Chapter 4 leads us to the exploration 
and eventual modification of the horizontal deposition method to improve the yield of 
self-assembly under low concentration of nanospheres to yield colloidal crystal of 
sufficient thickness. 
 
2.3 Confinement of proteins 
2.3.1 Colloidal crystals as nanopatterning templates 
 
In this second part of the review, we focus our attention on the use of the colloidal 
crystals as templates for nanopatterning of bio-molecules such as proteins. We begin 
with a discussion on the concept of nanopatterning and introduce past work on 
nanopatterning based on self-assembled monolayers (SAM) as well as recent work to 
create three-dimensional structures in the micro to nanometer range for patterning 
purposes. Another area of interest for placing protein molecules inside the confined 
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spaces of the cavities of colloidal crystals is the enhanced structural stability induced 
by the spatial confinement. Hence protein stability due to spatial confinement is 
discussed next. Lastly, we take a brief glimpse into the exciting applications for our 
colloidal crystals loaded with bio-molecules, possibly in the bioelectronics and 
pharmaceutical field. 
 
2.3.2 Nanopatterning of bio-molecules 
 
Nanopatterning is the concept of placing single protein in specific spatial locations by 
creating patterns on the order of nanometers, often in the same size regime as protein. 
This concept has its roots in the integration of biological molecules into miniature bio-
electronic devices.22 Using photolithographic techniques from the semiconductor 
industries, MacAlear and Wehrung created patterns on an underlying compressed layer 
containing protein.23 Later, ion sensitive field-effect transistor (ISFET) with micro 
wells for the physical containment of enzyme solutions, were created using 
photolithographic techniques as well.24 Besides photolithographic techniques, 
nanopatterning often involves photochemistry methods as well as self-assembled 
monolayers. 
 
Van Duyne and co-workers25 used single- and dual- layer assemblies of polystyrene 
spheres as deposition mask for the deposition of gold metal on both metal and glass 
substrates. After the metal deposition process, the polystyrene spheres were removed 
chemically by dissolution in dicholoromethane or mechanically via tape lift off. (See 
Fig. 2.12) This resulted in metal features of 40 nm wide and 22 nm in depth. These 
arrays of gold were used to pattern biological molecules using thiol chemistry. Alkane 
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thiol molecules and alkyl-silanes exposed to silica or metal surface assemble into 
organized layers.26 One endgroup of the molecular chain binds to the substrate surface 
while the other endgroup is free to interact at the interface. Using different reactive 
endgroups, it is possible to change the binding and surface energy which enables 
different proteins to be patterned on the substrate surface. (See Fig. 2.13) 
                       
Fig.2.12: Schematic diagram of nanosphere lithography showing a monolayer of 








Though remarkable miniaturization has been achieved due to the push in 
semiconductor technologies, the fabrication of three-dimensional microstructures let 
















endgroup to gold 
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conventional photolithography and integrated circuit processes. We provide an 
illustration of the fabrication of a three-dimensional multilayered microstructure 
fabricated by imprint lithography which can be considered as an alternative to 
conventional lithography. 
 
The process involves imprint and reversal imprint lithography to form microfluid 
channels and through holes. 
 
Imprint lithography can be easily visualized as a stamp and print process where a layer 
of polymer is first coated on the substrate and the patterns of the mold is transferred to 
the polymer when the mold is physically pressed against the polymer often in high 
temperature and pressures. Fig. 2.14 shows the schematic for reversal imprint 
lithography. For reversal imprint, the mold, not the substrate, is spin coated with the 
polymer. The mold with the polymer is pressed on a substrate, using heating, sticking 
the polymer to the substrate. In the inkling mode of reversal imprint, the polymer on 
the convex part of the mold is transferred to the substrate while the polymer on the 
concave part is not transferred. This allows the flexibility of creating structures 
different from convectional lithography where the entire pattern of the mold is 
transferred to the polymer. Reversal imprint lithography hence has the capability of 
forming microchannels. 
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Fig. 2.15 shows the SEM images of the microchannels fabricated with PMMA of 
molecular weight 120 kDa. The first layer was fabricated using imprint lithography. A 
second layer containing a through hole was added using inkling reverse imprint. Then 
the third upper-channel layer was transferred to the second layer. 
 
Fig. 2.15: SEM image of the three-dimensional multilayered microstructure.27 
a) First layer by imprint lithography. 
b) Second and third layer by reverse imprint lithography 
c) Cross-sectional image of the cutting line in b) 
 
 
2.3.3 Enzyme and the industry 
 
The commercial value of enzymes as biocatalysts can be demonstrated from its wide 
industrial uses from environmental, health, food, agricultural to textile industries. The 
superiority of enzymes over conventional chemical catalysts can be traced to the 
following four factors. 
1) Enzymatic catalysis is operational at lower temperatures and pressures, thus saving 
operational costs. 
2) Enzymes are much more efficient, do not require toxic solvent and produce less 
waste and pollution. 
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3) Enzymes display good selectivity (high chemo-region and stereospecificity) not 
known for inorganic catalyst. 
4) Enzymes are biocompatible and catalyse reactions for which there exists no known 
chemical catalyst. 
 
Given the reusability of enzymes for chemical reaction, it becomes economically 
favourable to immobilize the enzyme to enable separation of the products of the 
reaction and the enzyme. This ensures that the product is free from enzyme 
contamination and this removes the need of further purification. Enzymes are 
immobilized by being attached to or located within an insoluble, inactive support.  
Once attached, an enzyme’s stability is increased, possibly because its ability to 
change shape is reduced. Encapsulated enzyme molecules in biosensors or biocatalysts 
serve to increase the operational lifetime of the biosensors as well as improve the 
efficiency of the sensor and sensor-to-sensor reproducibility issues. 
 
2.3.4 Methods of enzyme immobilization 
 
Given the importance of enzymes and their susceptibility to denaturation once isolated 
from their native environment, we list some techniques for enzyme 
immobilization/stabilization. Techniques for immobilizing enzymes comprise of 
physical, chemical and biological engineering methods. These methods can be broadly 
classified under the following 3 categories. 
 
Adsorption: Adsorption of enzymes onto matrix with high affinity of bio-molecules, 
and the enzymes remain in the active state. Active materials include anionic and 
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cationic ion exchange resin, active charcoal, silica gel, clay, aluminum oxide, porous 
glass and ceramics. 
 
Covalent Coupling: Introduction of functional groups on the surface of the solid 
matrix. Covalent coupling occurs between these functional groups and the chemically 
reactive sites of protein such as the amino groups, carboxyl groups, phenol residues of 
tyrosine, sulfhydrl groups or the imidazole group of histidine. 
 
Gel entrapment: Entrapment in polymeric gels prevents the bio-molecules from 
diffusing from the reaction mixture. On the other hand, small substrates are more 
easily permeated through. 
 
2.3.5 Stabilization by Spatial Confinement 
 
Proteins in living cells exist in a crowded environment. First, the fluid phase of many 
cellular compartments is a highly concentrated mixture of molecules with a significant 
cell volume (for example, 30%-40% in the cytoplasm of Escherichia coli28) being 
occupied by protein and nucleic acids. Secondly, a matrix of membranes and/or 
structural fibers exists in close juxtaposition in the cell interior such that soluble 
proteins within the fluid phase are confined to certain volumes. The fact that proteins 
exist in crowded environment is no accident since confinement provides for structural 
stability of the protein.  
 
The first experiments confirming the stabilization effects of confinement date back to 
the first few years of this decade. Eggers and Valentine demonstrated that confinement 
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often stabilizes the native structure of protein in 200129. Using circular dichroism in 
the ultraviolet spectrum, they obtained evidences of the enhanced stability of α-
lactalbumin encapsulated in a silica matrix. Enzymes can also be stabilized against 
unfolding by physical confinement of the enzymes inside relatively small cages.  
 
On the theoretical front, explanation to the enhanced stability was based on two main 
arguments: 1) confinement stabilizes the native structure thermodynamically and 2) 
increasing the rate of protein folding. Thermodynamically, the stabilization effect is 
attributed to the fact that in such confined spaces the unfolded configurations of the 
protein chain are not thermodynamically favored. Confinement eliminates some 
expanded configurations of the unfolded protein chain, shifting the equilibrium from 
the unfolded state towards the native state. According to theoretical calculations, 
maximum stabilization of proteins can be obtained in spherical cages with diameter 
about 5 times the diameter of the native protein.30 This confinement of enzymes 
increases the structural rigidity of the tertiary structure of the protein, preventing 
structural denaturation of the protein molecule. Small cages as confined spaces were 
termed by Zhou and Dill are predicted to increase the stability of the native state by as 
much as 15 kcal/mol. For our experiments, if we consider a single molecule of 
horseradish peroxidase with a molecular weight of 44 kDa and molecular dimensions 
of 6.0 nm × 3.5 nm × 3.0 nm, cavities in the order of tens of nanometer should be able 
to provide maximum stabilization.  
 
Briker et al. confirmed that in the narrow spaces of the chaperonin cage results in 
acceleration of folding compared to that in free solution and further adding strength to 
the cage model proposed by Zhou and Dill. The effect of confinement in spherical and 
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cylindrical cavities upon the rate of folding of model polypeptide has been equally 
studied via Brownian dynamics simulations.31 A semiempirical two-state model for 
protein folding has been proposed recently.32 It was found that in general decreasing 
the cavity size increases the rate of protein re-folding until the cavity becomes only 
slightly larger than the native state of the protein and a further decrease in cavity size 
decreases protein re-folding rate. 
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2.3.6 Comparison of current immobilization/ stabilization methods to 
confinement in colloidal crystals 
 
As we have seen in the previous section, there are three main methods of 
immobilization: adsorption, covalent bonding and gel entrapment. We compare our 
proposed entrapment method to these three methods. 
 
The first criterion for immobilization is the retaining power of the support material for 
the enzyme to be immobilized. This is important as high retention power not only 
reduces leaching of often precious bio-materials but also influences the long term 
usage, reliability, reproducibility and accuracy of bio-sensors and protein microarrays 
(section 2.3.8). The retention of enzyme in the colloidal crystals depends on the ratio 
of the size of the passage way in the inverse colloidal geometry and the size of the 
protein to be entrapped (Section 3.3). In this thesis, we are working on a size range that 
allows the diffusion of the protein into the cavity and we show entrapment for at least 
30 s. Hence the retention power of the colloidal crystal has to be significantly 
improved if it is to be of use in industrial bio-reactors. Recommendation of how the 
improvement can be carried out is provided in Section 7.3. 
 
Secondly, from bio-sensing research33, we have seen initial studies being carried out 
using nanoporous materials such as activated carbon34, fullerenes35 as solid matrix for 
enzymes adsorption. It is inferred that there is a need for more work to be done in this 
area especially on studies on the influences of the size, shape and the type and amount 
of active sites within the cavities, on enzyme confinement.36 In this respect, the present 
three methods of immobilization, do not fulfill this need of offering size-controlled 
confinement with uniform cavities with the same shape. This is where our cavities 
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from colloidal crystals can play a part in providing controlled, confined spaces for 
further investigation. By doing so, we can help to improve the overall performances of 
these bio-sensors by acquiring an understanding of the physico-chemical nature of the 
protein element at the molecular level.  
 
Thirdly, the uniqueness of entrapment of protein in colloidal crystal over current 
immobilization method is the periodicity of the crystals. Protein encapsulated in the 
cavities will be positioned in a regular three-dimensional FCC manner as well. This 
offers the possibility of nanopatterning with applications in the areas of bio-electronics 
particularly in the example of bio-optical memories raised in section 2.3.7. 
 
Fourthly, another advantage offered by entrapment in the colloidal crystals over 
current immobilization methods is the ability to increase the amount of protein 
encapsulate simply by increasing the thickness of the colloidal crystals. Thicker 
crystals would mean more cavities and hence more protein that can be entrapped. This 
will increase the sensitivity of present bio-sensors and microarrays.  
 
Lastly, similar to all the current immobilization technique, immobilization in the 
colloidal crystals will result in enhanced stability of the protein though the exact 
mechanism by which the enhanced stability is achieved may differ from the other 
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2.3.7 Bioelectronics  
 
The purpose of this section is not to cover all aspects of bioelectronics, though 
admittedly it captures the fascinations of many researchers including the author of this 
thesis. We provide a realistic comparison between present semiconductor techniques 
and bioelectronics in a bid to draw relevance of bioelectronics to our subject. To 
illustrate the feasibility of bioelectronics devices, current successes using 
bacteriorhodopsin are noted and three-dimensional bio-optical memories that have 
been built are mentioned. This is the area where precise nanopatterning of protein is 
envisioned to play a crucial role as in the case of our colloidal crystals. 
 
Though semiconductor technology is the dominant player for the architecture for 
computing systems, it is widely recognized that standard room temperature silicon 
transistors will reach its scalable limit within the next two decades and new inventions, 
particularly new transistor concepts and computer architecture, will be needed to 
surpass present day limits37. At that stage, programming is based on manipulation at 
molecular levels, both semiconductor technology and bioelectronics will encounter 
similar problems and hence bioelectronics will become increasingly attractive. The 
following table taken from the book molecular computing38 summarizes how 
bioelectronics measures up to semiconductor technology in five important areas: size, 
speed, nanoscale engineering, architecture and reliability. 








Size Small size of molecular 
scale offers high intrinsic 
speed.  
Already impressive 
minimum feature sizes are 
decreasing by 15% per 
year. However, 
advancement into the 
molecular domain will be 
limited by similar hurdles 
faced by bioelectronics 
Speed High intrinsic speed as a 
result of small size. 
Picosecond switching rates 
are common. However we 
may need to consider 
capacitive issues. 
Current clock speeds are 
on the order of 1 GHz and 
a factor of 3-5 
improvement is expected 
before the standard 
technology reaches its 
scalable limit. 
Nanoscale Engineering Synthetic organic 
chemistry, self-assembly 




higher scale factors and 
flexibility than current 
molecular techniques. 
Architecture Neural, associative and 
parallel architecture can be 
implemented directly. 
Three terminal devices and 
standard logic designs 
offer high levels of 
integration. 
Reliability/Stability Chemical stability limited 
especially with respect to 
temperature. Bio-agents 
are stable in a limited 
temperature range. 
Relatively more stable but 
advancement towards the 
molecular realm will throw 
up reliability issues as 
well. 
 
Table 2.1: Comparison between semiconductor and bioelectronics for computing on a 
molecular level. 
 
2.3.8 Protein-based three-dimensional memories 
 
The bacteriorhodopsin is a light-transducing protein found in the cell membrane of an 
archae bacterium. It is capable of absorbing photons to initiate a series of complex 
reactions that convert light energy to chemical energy. Bacteriorhodopsin-based 
devices are based on the spectrally distinct thermal intermediates. When the protein 
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absorbs light in the native organism, a series of intermediates can be generated with 
absorption maxima spanning the entire visible region. The initial green-red absorbing 
state and the long-lived blue absorbing state are used as the 1-0 states for computing 
purposes. The forward reaction (green-red state to blue state) only occurs by the 
adsorption of a photon and is completed in 50 μs. In contrast, the reverse reaction is 
highly sensitive to temperature, environment, genetic modification, and chromophore 
substitution. 
 
Another intermediate which absorbs blue light of a different wavelength is stable for 
extended periods of time (many years) but can be photochemically converted back to 
the initial red-green state. This provides the capability for long-term storage of 
information. Additionally, the protein can absorb two photons simultaneously with an 
efficiency far superior than any other materials making information storing in three 
dimension using two-photon architectures possible. 
 
In the two-photon architecture system, two orthogonal laser beams are used to address 
an irradiated volume of 10-200 μm3 to perform read and write operations. Hence, two-
photon architecture requires the capability of the protein to absorb two photons 
simultaneously. In principle, an optical three-dimensional memory can store roughly 
three orders of magnitude more information in the same size enclosure relative to a 
two-dimensional optical disk memory. However, after factoring in reliability issues 
and optical limit, the ratio is lowered closer to 300 times. 38 
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2.3.9 Pharmaceutical applications 
 
Confined proteins in colloidal crystals offer the possibility of use in the pharmaceutical 
fields such as protein microarrays. We draw the analogy of worker bees in honeycomb 
hives where the workers bees are the proteins encapsulated in the cavities of colloidal 
crystals. Protein microarrays can fuel the critical need for high-throughput and 
multiplexed protein analyses in the microliter to nanoliter range. This will dramatically 
impact the pharmaceutical industry and satisfy the demand for more rapid novel drugs 
identification and obtain high quality information early in the target validation process. 
The success of commercialization depends on the realization of a robust analysis 
performance of the microarrays which in turn depends on the ability of immobilizing a 
large numbers of high-quality proteins in the functional states retaining their activity 
over extended period of time. Equally important is the repeatability and the sensitivity 
of the microarrays which would be seriously undermined if an unpredictable fraction 
of the proteins is deactivated, sterically hindered, buried in surface topography or lost 
from the substrate during the course of an assay.39 Three-dimensional surfaces increase 
the protein binding capacity and the confinement factor of our colloidal crystals serves 
to preserve the functionality of the immobilized protein. 
 
Other criteria for improving assay performance involves improving molecular 
orientation, suppressing non-specific interactions and optimizing signal to noise ratio 
of measurement techniques such as fluorescence, mass spectroscopy or change in 
refractive index. Protein arrays are currently used for diagnostic tools for clinical 
diseases and monitoring the efficacy of drug treatment strategies. We give an example 
of how protein microarrays are used in the detection of prostate cancer. 
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Miller et al.40 found five proteins whose levels were significantly higher in patients 
with prostate cancer as compared to normal healthy individuals. Arrays of 186 
antibodies were used to screen the human samples for these proteins which were 
determined act as biomarkers for pathological conditions. Large number of purified 
proteins immobilized at high density on a solid substrate leads to the creation of a 





This thesis involves a number of fields: colloids, protein immobilization and 
stabilization, and protein nanopatterning. It is impossible and pointless to cover all 
aspects of the fields and hence we have positioned the review to demonstrate the 
following: 
1) The horizontal deposition self assembly is argued as the most suitable method of 
fabrication of colloidal crystals for this project after a review of the different 
fabrication technique. In addition we have touched on the mechanism of the horizontal 
deposition to provide the reader a background for the discussion in chapter 4.  
2) The advantage and the disadvantage of immobilization of protein in colloidal 
crystals as compared to present immobilization techniques: adsorption, covalent 
bonding and gel entrapment. 
3) Given the novelty of immobilization in colloidal crystals we suggested potential 
applications in scientific studies of enhanced protein stability due to spatial 
confinement, in bio-optical memories as well as in pharmaceutical uses of protein 
microarrays. We show that though the uses of protein loaded in three-dimensional 
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structure is in its infant stages, it is brimming with exciting potentials and applications 
are no longer far-fetched non-realistic fantasies. 
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Colloidal crystals represent an excellent departure from the usual top down approach 
of fabrication of templates, often using semi-conductor techniques such as lithography, 
etching and deposition. This bottom-up approach, in no doubt, provides a means of 
packing nanospheres in regular face-centred-close packed geometry, giving a high 
level of periodicity and geometrical identity to the interstitial cavities. This periodicity 
of the colloidal crystal gives it a unique geometrical identity different from most 
fractal materials currently used to encapsulate proteins. Another advantage of bottom-
up strategy is its intrinsic simplicity. 
 
Before we embark on the fabrication of colloidal crystals (chapter 4), we provide a 
theoretical study of the inverse colloidal crystal geometry. This is to verify the 
feasibility of using colloidal crystals to entrap protein molecules based on size 
considerations between the protein to be entrapped and the inverse colloidal crystal 
spaces. The inverse colloidal crystal geometry can be visualized as having two 
components: the cavities and the passage ways that linked the cavities to form a 
network of cavities. The aim of this chapter is twofold. Firstly, we seek to evaluate the 
degree of confinement provided by the cavities of colloidal crystals. This will enable 
us to judge if protein stabilization is possible when the protein resides inside the 
cavities. Secondly, we evaluate the possibility of entrapment of protein using colloidal 
crystals and gravity alone as a means of bringing the protein into the cavities. This is 
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done by comparing the size of the passage way that restricts diffusion to the size of the 
protein. 
 
3.2 Octahedral and tetrahedral cavities 
 
We consider two layers of monodispersed spheres arranged in a FCC fashion as 
illustrated in the Fig. 1. The bottom layer of spheres is shaded blue while the top layer 
spheres have a red outline. 
  
                           
 
Fig. 3.1: 2 layers of spheres arranged in FCC fashion. Triangles represent tetrahedral 
cavities with the pink ones formed from 3 spheres in the bottom layer while the yellow 
ones are formed from 3 spheres in the top layer. Octahedral cavities are marked by the 
green rhombi. 
 
We can distinguish two different types of cavities. First, we have the tetrahedral 
cavities which are formed from four spheres (marked as pink and yellow triangles in 
Fig. 3.1). The pink triangle denotes cavities formed from 3 spheres from the bottom 
layer and 1 sphere from the top layer. Similarly, the yellow triangles represent cavities 
formed from 1 sphere from the bottom layer and 3 spheres from the top layer. 
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The second type of cavities is octahedral cavities, so termed because the cavity has 
eight faces. They are marked by the green rhombuses. The octahedral cavities are 
formed from 6 spheres, 3 from the bottom layer and 3 from the top layer. 
 
It can be proven that in the inverse colloidal crystal geometry, the number of 
tetrahedral cavities is twice the number of octahedral cavities.1 Each octahedral cavity 
is connected to 8 tetrahedral cavities and each tetrahedral cavity is connected to 4 
octahedral cavities, in a repeating fashion forming a network of interlinked tetrahedral 
and octahedral cavities. FCC packing offers the highest packing density of 0.74 and 
the co-ordination number is 121. 
 
 




To visualize the cavity, we use computer software that enables us to create and 
manipulate three dimensional objects. The software exploited is Gambit. Gambit is a 
software product from Fluent Inc.2  It is a generic pre-processor for Fluent, Polyflow, 
Fidap CFD softwares. Gambit is a software used by chemical engineers to study fluid 
dynamics. Gambit offers the flexibility of positioning objects at the intersection of 
planes.  
 
First, we have positioned the spheres in the required positions, then we can use the 
following generic procedures to obtain the inverse structures of the spheres and 
visualize the cavity enclosed. 
i) A polygon with its corners as the centre of all the spheres is created. 
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ii) The polygon is subtracted from the spheres to visualize the cavity in 
between the spheres. 
The visualizations for tetrahedral cavity and octahedral cavity using Gambit are 
included below.  
            
                             
Fig. 3.2: 
a) 4 spheres in FCC arrangement enclosing the tetrahedral cavity 
b) Spheres and the prism with the corners formed from the centers of the spheres 
c) The tetrahedral cavity 
d) The tetrahedral cavity represented as wire-frame 
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     Fig. 3.3:  
a) 6 spheres in FCC arrangement enclosing the octahedral cavity 
b) Spheres and the prism with the corners formed from the centers of the spheres 
c) The octahedral cavity 
d) The octahedral cavity represented as wire-frame 
 
 
Having constructed our cavities, we now seek to evaluate the effective confinement 
provided by these cavities. For this purpose, we try to find the largest sphere (radius r’) 
that can be fitted into these cavities formed from spheres of radius r. The largest sphere 
should be in contact with all the forming spheres at one point. Mathematical derivation 
for the largest spheres for both the tetrahedral cavity and the octahedral cavity follows. 
 
3.2.2 Confinement in the tetrahedral cavity 
 
We consider the prism with corners formed from the centre of the spheres of radius r. 
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Fig. 3.4: a) This is a replicate of Fig. 3.2b with the 4 spheres and the prism viewed from 
a different angle. 
b) We recreate the prism as seen in Fig. 3.4a for a clearer view. All the sides of the prism 
have length 2r. 
 
It is obvious that  
cos30o
ra =        (3.1) 
Using Pythagoras’ theorem, 
2 2 2(2 )r h a= +       (3.2) 
Substitute Eq. 3.1 into Eq. 3.2 and simplifying, 
21(4 ( ) )
cos30o
h r= −      (3.3) 
The prism can be divided into 4 equal smaller prisms with the same base area.             
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h h=  
2
1
1 1(4 ( ) )
4 cos30o
h r= −      (3.4) 
Using Pythagoras’ theorem again and denoting radius of largest sphere to be enclosed in 
the tetrahedral cavity as rtetra’, 
2 2 2
1( ')tetrar r h a+ = +       (3.5) 
Substitute Eq. 3.1 and Eq. 3.4 into Eq. 3.5, simplifying, 
' 1.5tetrar r r+ =  
' ( 1.5 1)tetrar r= − = 0.225 r      (3.6) 
 
 
3.2.3 Confinement in the octahedral cavity 
 
Fig. 3.6 is a replicate of Fig 3.3b. In Fig. 3.6 we have highlighted 4 of the spheres and 
located a plane with the centre of the four spheres lie. Fig. 3.7 shows the same plane 
from a different perspective angle. The interstitial space for the octahedral cavity is 
centered in a square plane with corners as the centres of four spheres. The four spheres 
touch each other and the largest sphere that is enclosed is in contact with each of the four 
spheres at one point. 
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Fig. 3.6: A replication of the spheres that form the octahedral cavity. 
                   
Fig. 3.7: Plane which shows the spheres in contact with each other.  
 
Using Pythagoras’ theorem and denoting radius of largest sphere to be enclosed in the 
octahedral cavity as rocta’, 
2 2 2(2( ')) (2 ) (2 )octar r r r+ = +  




Chapter 3 A network of cavities 
 
 52
In conclusion, the minimum confinement space provided in the cavity can be estimated 
by considering the largest sphere to be enclosed in the cavity. For the tetrahedral cavity, 
this largest sphere has a radius of 0.225 r while that for the octahedral cavity has a radius 
of 0.414 r, assuming a radius of r for the forming spheres. 
 
3.3 Linking passages between cavities 
 
While the cavities of the inverse colloidal crystal geometry have been examined, we 
shift the focus to another equally important parameter: the linking passages between 
the cavities. For molecules to be confined in the cavities, the ratio of the size of the 
passage linking the cavities to molecule size (hence referred to as size ratio) must be of 
a correct regime. Too large a size ratio would mean the molecules will diffuse freely 
throughout the network of cavities giving no confinement. On the other hand, if the 
size ratio is too small, the molecules may experience difficulty in diffusing into the 
cavities in the first place. Hence we need a size ratio that will allow the molecules to 
diffuse through (maybe after a period of incubation) and settle in the confinement of 
the cavities. This concept is particularly useful for application of selective diffusion in 
“lab on a chip” devices where large molecules such as enzyme proteins are trapped 
while smaller substrate molecules are allowed to diffuse in, prompting chemical 
reactions. The reactant products can then diffuse out and be collected and analyzed. 
 
In order to visualize the linking passage, spheres are positioned in Gambit so that the 
inverse structure consists of an octahedral cavity linked to a tetrahedral cavity. See Fig. 
3.8. Fig. 3.9 shows the same inverse structure but rotated at a different angle to illustrate 
clearly both the cavities and the linking passage. Instead of working out the dimensions 
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of the cavity and passage analytically, it is simpler to determine these parameters using 
the computer software. Programming with Gambit, using spheres of radius 10 units, the 
tetrahedral cavity has a volume of 206 units3 while the octahedral cavity has a volume of 
1260 units3. The surface area of aperture of the linking passage is 17.15 units2. 
 
             
             
 
Fig. 3.8: 
a) Spheres forming one octahedral cavity and one tetrahedral cavity. The 
tetrahedral cavity is on top of the octahedral cavity. 
b) Spheres and the polygon with the corners formed from the centers of the spheres 
c) The inverse structure 









Fig. 3.9: Inverse structure showing an octahedral cavity linked to a tetrahedral cavity. 
The aperture of the passage is highlighted where the largest circle that can be drawn in 
the aperture is shown too. 
 
The largest circle (in Fig. 3.9) that can be inscribed in the aperture has radius 1.56 units. 
In other words, again assuming spheres of radius r, the largest molecule which can 
diffuse from cavity to cavity through the aperture has radius of 0.156 r. This allows us to 
do size comparison between biological molecules and interstitial cavity size in the 
concluding section. 
 











In summary, assuming spheres of radius r, the confinement space inside the tetrahedral 
cavity can be estimated by a sphere of radius 0.225 r. The confinement space inside the 
octahedral cavity can be estimated by a sphere of radius 0.414 r. The largest molecule 
(assuming spherical shape) that can pass through the passage way has radius of 0.156 r. 
Using these results, we compare the size of horseradish peroxidase (molecular weight of 
44 kDa, molecular dimensions estimated as 6.0 nm × 3.5 nm × 3.0 nm) with 100 nm 
diameter colloidal crystals. 
 
The first criterion is for enhanced protein stability due to protein confinement. From 
thermodynamical calculations3, maximum stabilization of proteins can be obtained in 
spherical cages with diameter about 5 times the diameter of the native protein. This 
would be satisfied by the tetrahedral cavities and the octahedral cavities of the 100 nm 
colloidal crystals which provide confinement spaces which can be estimated by spheres 
of radius of 11.25 nm and 20.7 nm respectively.  
 
The second criterion to fulfill is to have a size regime that will possibly allow slowing 
down of the diffusion of the enzyme to the extent of showing entrapment. (We show 
entrapment of bio-molecules in both chapter 5 and chapter 6, albeit the monitoring 
period was limited to 30 secs.) In 100 nm diameter colloidal crystals, the largest 
molecule (assuming spherical shape) that can just pass through the passage way has a 
radius of 7.8 nm.  This radius is just slightly larger than the largest dimension of the 
horseradish peroxidase molecule. Hence horseradish peroxidase can diffuse into the 
cavity and be entrapped in the cavity for a certain period of time before diffusing to the 
Chapter 3 A network of cavities 
 
 56
next connected cavity. We evaluate the effect of different degree of spatial hindrance on 
biological molecules diffusing into the cavity in chapter 5. 
 
We discuss the fabrication of colloidal crystal in the next chapter. Other diameters of 
spheres that we have experimented with include 1 μm, 500 nm, 200 nm, 40 nm and 20 
nm.
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Colloidal structures, both two-dimensional hexagonal arrays and three-dimensional 
colloidal crystals, have immense potentials in a wide range of applications. The myriad of 
applications act as impetus for the development of various fabrication techniques. Among 
these various fabrication techniques of three-dimensional colloidal structures, the 
horizontal deposition self-assembly with its gentle and less invasive conditions of 
formation is ideal for biological work which is rightly so for our project. Biological 
molecules such as proteins denature and lose their functions under harsh conditions such 
as high temperatures, extreme pH conditions and in the presence of certain chemicals and 
surfaces. Yet, for the horizontal deposition technique, the efficiency of self-assembly is 
low for low concentrations and small volumes of colloidal suspension. Large regions of 
short range order packing are formed instead of colloidal crystals.  
 
In this chapter, the horizontal deposition self-assembly method is modified wherein the 
colloidal suspension is introduced into a trench-like cavity formed from attaching a mask 
to the substrate. We term our method as surface tension assisted self-assembly. Firstly, we 
demonstrate that in comparison to horizontal deposition without cavity, the efficiency of 
the self-assembly mechanism is greatly improved. It is useful to note that the suspension 
does not necessarily fill the cavity and hence differs from template-assisted self-assembly 
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techniques (Section 2.2.4) where the nanospheres are packed to fill out the template. The 
main purpose of the cavity is to introduce extra surface tension and modify the meniscus 
profile of the dispensed suspension. Although the nucleation of colloidal crystal is a hotly 
debated topic, it suffices to refer to the mechanism for self-assembly explained in chapter 
2 as the basis for our analysis. 
 
Experimental results involve the fabrication of colloidal crystals using nanospheres of 
diameter 1 μm, 500 nm, 200 nm and 100 nm. Attempts using 40 nm and 20 nm 
nanospheres prove unsuccessful in obtaining colloidal crystals exhibiting regular FCC 
arrangement.  
 
Upon solvent removal from the dispensed suspension of colloidal particles, the 
nanospheres are hence arranged in regular FCC packing. However this structure of 
nanospheres is not stable: with the reintroduction of water, the nanospheres are dislocated 
from the structure and the regular template is eroded away. Hence thermal annealing of 
the nanospheres is proposed to weld the nanospheres together to preserve their structure in 
water where most biological reactions take place. 
 
4.2 Experimental section 
4.2.1 Materials and Substrates  
 
 
Commercially available suspension of polystyrene (PS) nanospheres of diameter 1 μm, 
500 nm, 200 nm, 100 nm, 40 nm, 20 nm (concentration 1% w/w) from Agar Scientific 
Corporation were used directly without any further treatment. Both silicon [100] and glass 
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substrates (10 mm by 10 mm) were cleaned using ultrasonic bath for 20 minutes 
consecutively, first in acetone, then followed by 2-isopropanol, before being washed with 
copious deionized water and dried with nitrogen gas before use. Proper cleaning of the 
substrate is fundamental in removing dust and other impurities which introduce 
uncontrollable parameters in the self-assembly process. Additionally, removal of 
impurities is also essential for fluorescence work demonstrated in later chapters to 
minimize background especially in single molecule detection where the signal-to-
background ratio is often low. 
 
4.2.2 Fabrication of trench-like cavity 
 
A trench-like cavity with millimetre height barrier is fabricated with the following 
procedures. First, a mechanical mask is made by drilling a hole of 8 mm × 1 mm through 
a 10 mm × 10 mm × 1 mm steel plate. A layer of photoresist of thickness 1.5 μm is spin 
coated on a 10 mm × 10 mm substrate. The mask is wetted with photoresist and is 
attached to the photoresist on the substrate. We pre-bake the mask-substrate at 90° C for 
20 mins in an oven. The whole structure is exposed to UV radiation using a mask aligner 
system. Exposed resist is washed off by soaking the sample in a developer solution for 40 
s leaving a trench-like cavity of 8 mm × 1 mm × 1 mm. The colloidal suspension is then 
deposited into this cavity. A schematic of the mask-substrate composite is shown in Fig. 
4.1. 
 




Fig. 4.1: A schematic diagram showing the trench-like cavity fabricated by attaching a 




4.2.3 Formation of colloidal films 
 
All substrates were placed horizontally in a glass Petri dish before deposition of the 
colloidal suspension. Immediately after deposition, the Petri dish was covered to protect 
the samples from any external air flow that may perturb the rate of evaporation. Drying 
temperature was maintained at 21 °C within a ± 1 °C precision. Samples were left to dry 
overnight.  





The morphologies of the colloidal crystals were imaged with a JEOL JSM-6700F field 
emission scanning electron microscope (SEM). The operating voltage of the SEM 
depends on the resolution. Higher magnification required higher working voltages. Height 
profile of dried colloidal crystal was taken by a KLA-Tencor P-15 profiler. Optical 
photograph was taken with a Leica DC 100 microscope. 
 
4.3 Results and discussion 
 
In the aim of illustrating the superiority of our surface tension assisted self-assembly over 
conventional horizontal deposition techniques, we compare and contrast the colloidal 
films formed from both methods. The mechanism of self-assembly is incorporated in our 
discussion to understand how surface tension enhances the packing of the spheres. 
 
4.3.1 Low efficiency and mechanism of self-assembly of the horizontal deposition 
method with low colloidal concentration 
 
In this section, we choose to work with 200 nm and 500 nm diameter nanospheres because 
of their high efficiency of the colloidal crystal formation and relative ease for 
characterization with the SEM. Other sizes of nanospheres of 1 μm, 100 nm, 40 nm, 20 
nm diameters are experimented as well.  
 
Fig. 4.2 shows part of the dried colloidal film when 4 μl of 200nm PS nanospheres (1% 
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w/w) suspension is dispensed onto a cleaned glass substrate without cavity. Upon 
horizontal deposition, due to the high solvent content, the liquid meniscus spreads out 
evenly to form a large circular blot. When dried, 2 distinct zones are identified. (See Fig. 
4.2) A very thin outermost ring of colloidal crystals with cracks which we denote as Zone 
1 in Fig. 4.2 is obtained. Fig. 4.3a is a magnified SEM image of Zone 1. Moving radially 
towards the centre, the periodicity breaks down where the nanospheres are packed in 
multilayers of both FCC and body centre cubic (BCC) arrangement with short range 
order. The extent of this packing decreases radially towards the centre. We denote this 
region as Zone 2 in Fig. 4.2. Fig. 4.3b is a magnified SEM image of Zone 2.  It is 
estimated that more than 70% of the area of the dried colloidal film is Zone 2, showing the 
efficiency of the self-assembly for low colloidal concentration by horizontal deposition 














Fig. 4.2: Optical photograph of part of the circular blot of colloidal crystal film self 
assembled from PS spheres of 200 nm in diameter on a horizontal glass substrate. Two 
distinct zones are identified. Zone 1 shows crystallization of nanospheres into regular FCC 
arrangement. Zone 2 shows nanospheres packed with short range order. 
Zone 1  
Zone 2 


































Fig. 4.3a: SEM images of colloidal crystals in Zone 1 of Fig. 4.2. Some line defects and 
point defects are observed amid regular FCC packing. 
Fig. 4.3b: SEM images of colloidal film in Zone 2 of Fig. 4.2. Short range order of 
nanospheres in predominantly BCC arrangement is observed. 
 
The self-assembly mechanism for the formation of colloidal crystals in Zone 1 has been 
elucidated by Zhao et al.1. The onset of nucleation can be attributed to immersion 
capillary forces2,3 which pin the nanospheres to the substrate at the periphery of the blot. 
Higher evaporation rate at the periphery induces an outward radial transport of materials.  
a 
b 
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More spheres are hence incorporated to the nucleation sites in a well-ordered FCC 
arrangement because of attractive capillary floatation forces. 
 
On the basis of the experimental results from the formation of Zone 2, we hypothesize that 
we can further refine the mechanism of how new nanospheres are incorporated into the 
regular packing. We propose a two step mechanism in which a monolayer of nanospheres 
is first laid down and this acts as a template for the addition of subsequent layers. For 
Zone 2, the concentration of the nanospheres is depressed by the outward radial transport. 
Following our hypothesis, this leads to larger interparticle distances between the 
nanospheres which have settled on the substrate surface. With the increased interparticle 
distance, attractive capillary forces are no longer as effective and both FCC and BCC 
clusters of nanospheres result. Subsequent layers of nanospheres are added to the template 
layer according to this flawed packing forming Zone 2. Additionally, the transition from 
Zone 1 to Zone 2 is abrupt from about 35 layers in Zone 1 to less than 5 layers in Zone 2. 
Fewer layers in Zone 2 can be due to the presence of less free nanospheres during the 
formation in Zone 2. Another possible reason is a flawed template in Zone 2 does not 
favor regular crystallization thermodynamically and hence the number of layers of spheres 
in Zone 2 is reduced. An alternative model where free nanospheres are built into existing 
regular arrangements without the formation of a template layer will not be able to account 
for the formation of FCC and BCC clusters and the abrupt transition of Zone 1 to Zone 2. 
 
The low efficiency of horizontal self-assembly is also evident for 500 nm diameter 
nanospheres with the formation of three distinct zones instead of two. See Fig. 4.4 Since 
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the spheres are transported away from the centre, there is not enough material for 
immersion capillary forces to be strong enough to maintain large areas of even a single 
monolayer for low colloidal concentration suspension at the centre. (Zone 1) In this zone, 
we observe islands of few to tens of nanospheres packed in a monolayer FCC structure. 
Away from the centre, the islands of nanospheres grow in coverage until we can observe 
large domain of monolayers (Zone 2). Further away from the centre, we observe that the 
monolayer turns into multilayers of FCC colloidal crystal (Zone 3). The multilayers 
appear as white rings viewed by the unaided eye. 

























Fig. 4.4: SEM images showing different zones formed from self assembled  
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4.3.2 Surface tension assisted self-assembly 
 
Fig. 4.5 shows the cross-sectional meniscus profile when an equal volume of 4 μl (same 
volume as used in horizontal self-assembly in the previous section) of 1% w/w of 200 nm 
colloidal suspension is dispensed inside a trench-like cavity. Fig. 4.6a also shows the 
optical image of the dried colloidal film near one side of the cavity wall on a glass 
substrate. Fig. 4.6b shows a sample height of the same crystals taken in the direction 
perpendicular to the cavity wall. Based on the optical image and the height profile, 
moving from the centre of the cavity towards the cavity wall, we observe the colloidal 
crystals climbing in discrete steps of nanospheres resembling a long flight of stairs. The 
stairs plateau after 100 μm and we observe a region with grains of colloidal crystals. Each 
grain of the colloidal crystal is about 100 μm2 and the size of the grain decreases towards 
the cavity wall as seen in the optical photo graph in Fig. 4.6a. However the height of the 
colloidal crystal increases towards the cavity wall. Colloidal crystals cover up to 80% of 
the area inside the cavity. 
 
 The bluish tint of the colloidal crystals observed under an optical microscope is a strong 
indication of the regular FCC packing. Notably, the colloidal crystals formed are 
polycrystalline and the cracks in the crystals limit its usefulness in photonic applications. 
Yet recent simulation results4 hint that the creation of these defects can be minimized by 
controlling the minor heterogeneities in evaporation rates across the samples. 
Heterogeneities lead to imbalances of capillary forces between colloidal particles and 
hence the creation of defects. Fig. 4.7 shows an SEM cross-sectional view of the colloidal 
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crystals formed from the 200 nm nanospheres. 
 
                                                       
Fig. 4.5: Schematic illustration of the cross-sectional profile of the deposited suspension. 
The rectangle corresponds to the region where the optical image and height measurement 
shown in Fig. 4.6a and Fig. 4.6b is taken. 
 
                                        
 
                                        
Fig. 4.6a: Light microscopy image (magnification 50 times) of top view of colloidal film 
formed on a glass substrate with the surface tension assisted self-assembly technique. 
Fig. 4.6b: Profiler measurement of the height of the colloidal film shown in the optical 
image Fig. 4.6a. Direction of measurement is perpendicular to the cavity wall 
1 mm Steel plate 
Photoresist 
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Fig. 4.7: SEM image of the cross section of colloidal crystal films (PS spheres of 200 nm 
in diameter) on a Si substrate.  
 
 
The mechanism of self-assembly inside the cavity is described as follows: Nucleation 
again begins at the thinnest part of the liquid meniscus but this time the thinnest part 
forms a line that runs parallel to the cavity wall along the centre of the cavity. Immersion 
capillary forces pin down a line of spheres from the bulk solvent at the interface between 
the solvent meniscus, air and the Si substrate (nucleation). This forms the lowest step in 
the flight of steps in Fig. 4.6a. Convective forces transport the nanospheres towards this 
nucleation line. Due to the reduced spreading of the deposited suspension, the interparticle 
distance between the nanospheres is reduced such that capillary forces can act effectively 
to pack all the nanospheres in a regular FCC manner. We contrast this to the formation of 
vast areas covered with only aggregates of nanospheres in short range of both FCC and 
BCC arrangement in the absence of a cavity template. 
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As compared to the conventional horizontal deposition technique described in the 
previous section, using our modified surface tension assisted self-assembly technique, all 
the nanospheres, upon drying, are arranged in a FCC manner be it in two-dimensional 
hexagonal arrays or three dimensional colloidal crystals. Wastage of materials is 
completely eliminated as compared to the unmodified horizontal deposition method. As 
seen, with low concentration and small of volume of nanospheres, regular packing are 
obtained at the periphery of the dispensed blot only and the rest of the nanospheres are 
wasted in random or semi-random arrangement in the unmodified horizontal deposition 
method.  
 
Another advantage of dispensing inside a cavity is that we can control where the colloidal 
crystals are formed. Colloidal crystals are formed at the edge of the cavity and the cavity 
can be placed at a location where the colloidal crystal is needed.  
 
4.2.3 Size dependency of self-assembly 
 
In the previous section, we have discussed the formation of colloidal crystals using the 
horizontal deposition method with 200 nm PS nanospheres. Bearing in mind our objective 
of confining biological molecules with templates formed from colloidal crystals, it is 
advantageous or even essential to have colloidal crystals formed from a series of colloidal 
sizes to provide varying degree of spatial confinement. Hence this section discusses self-
assembly of nanospheres with different colloidal diameters. 
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We repeat the surface tension assisted self-assembly to fabricate colloidal crystals. Each 
time, 4 μl of colloidal suspension of a certain size is dispensed inside the cavity and the 
sample is left to dry for a day before subsequent re-deposition of the nanospheres to 
increase in the height of the colloidal crystals. 
 
First, for the 1 μm nanospheres, regular FCC packing was short ranged. Second, it is 




Fig. 4.8: SEM image of the top sectional view of colloidal crystal films (PS spheres of 1 
μm in diameter) on a Si substrate. 
 
 
Third, for 500 nm, 200 nm and 100 nm diameter nanospheres, capillary forces are strong 
enough to pack the nanospheres into regular FCC arrangements as shown in the figures 
that follow. Again, it is noted that repeated deposition caused the macroscopic profile 
(long flight of stairs as seen in Fig. 4.6b) to change. This can be due to the re-arrangement 
of the nanospheres that have been laid down after the re-introduction of solvent from 
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repeated deposition. From the optical photographs, however, we can identity blocks of 
three-dimensional crystals that are useful for our purpose.  
 
 
Fig. 4.9: Light microscopy image (magnification 50 times) of top view of colloidal film 
(500 nm diameter nanospheres) formed on a glass substrate with the surface tension 





Fig. 4.10: SEM image of colloidal crystal films (PS spheres of 500 nm in diameter) on a 
Si substrate. 
a) top view 
b) cross-sectional view  
 
1mm 
A grain of colloidal crystal 
formed from 500 nm 
nanospheres. 
a b 





Fig. 4.11: Light microscopy image (magnification 50 times) of top view of colloidal film 
(200 nm diameter nanospheres) formed on a glass substrate with the surface tension 
assisted self-assembly technique after three times repeated deposition. The bluish tint of 





Fig. 4.12: SEM image of colloidal crystal films (PS spheres of 200 nm in diameter) on a 
Si substrate. 
a) top view 
b) cross-sectional view  
 
A grain of colloidal crystal 










Fig. 4.13: Light microscopy image (magnification 50 times) of top view of colloidal film 
(100 nm diameter nanospheres) formed on a glass substrate with the surface tension 




Fig. 4.14: SEM image of colloidal crystal films (PS spheres of 100 nm in diameter) on a 
Si substrate. 
a) top view 




Fourth, for 40 nm and 20 nm diameter nanospheres, although we can identity grain-like 
crystals from the optical microscope picture, it becomes clear that the regular packing is 
A grain of colloidal crystal 
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lost at higher magnifications using the SEM. The nanospheres are deposited on the surface 




Fig. 4.15: Light microscopy image (magnification 50 times) of top view of film (40 nm 
diameter nanospheres) formed on a glass substrate with the surface tension assisted self-




Fig. 4.16: SEM image of the top sectional view of colloidal crystal films (PS nanospheres 
of 40 nm in diameter) on a Si substrate.  
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Fig. 4.17: Light microscopy image (magnification 50 times) of top view of colloidal film 
(20 nm diameter nanospheres) formed on a glass substrate with the surface tension 
assisted self-assembly technique after three times repeated deposition. 
 















               
 
Fig. 4.18: SEM image of the top sectional view of films (PS spheres of 20 nm in 
diameter) on a Si substrate. Image is not as clear because of the higher magnification and 





A grain of colloidal crystal 
formed from 20 nm 
nanospheres. 
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Chapter 4 Surface Tension Assisted Self-Assembly of Colloidal Crystals 
 
 77
Table 4.1 summaries some of the properties of the colloidal crystals formed from different 
nanosphere sizes. 
 
      Diameter  
Property 






















300 μm × 
300 μm 
300 μm × 
300 μm 
300 μm × 
300 μm 
Height 5 μm 10 μm 
No regular packing 
observed. 
 
Table 4.1: A summary of the properties of the colloidal crystals formed from different 
nanosphere diameters.  
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4.4 Resistance to water 
 
As we work towards creating colloidal crystals suitable for biological work, it is natural to 
ensure that the colloidal crystals formed retain their structure integrity in water since 
enzymes work in a water environment. Thermal annealing of the colloidal crystals is 
discussed because heating can help effectively to gel the spheres together and make the 
structure resistant to water. 
 
The horizontal deposition process involves dispensing colloidal suspension and due to an 
interplay of different forces when the solvent evaporates, the nanospheres self assemble to 
form colloidal crystals. Hence it is logical to conclude that we can reverse the process 
completely when the dried sample is soaked again in DI water. The spheres are likely to 
be released from their well packed regular arrangement into the water. This happens 
assuming that no chemical reaction occurs during the drying process that will cause the 
nanospheres to gel together permanently. Furthermore, such a mechanism would be 
thermodynamically favorable because it results in an increase in the entropy of the system. 
 
The above reasons can help to explain the following observations. For a freshly dried 
sample for less than five hours, if we soak the sample in DI water again, the spheres are 
easily lost. However if we soaked a sample that has been dried for months, we observed 
that the spheres tend to stick together and fewer spheres are lost. This may be due to the 
fact that possibly the surfactant at the interface between the spheres takes a significant 
amount of time to harden permanently and irreversibly, i.e. cure. 
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Considering the long duration involved for the gel to harden, we seek other ways to keep 
the colloidal crystals intact in a water environment.  
 
4.4.1 Anneal treatment and experimental procedures 
 
The internal structure of colloidal crystal needs to be preserved in water where enzymes 
are active. Two approaches are possible. Firstly, an adhesion between the colloidal 
particles can be induced by thermal annealing the dried sample at a temperature slightly 
higher than the glass transition temperature (Tg) of PS of 95 °C. The nanospheres are 
joined together at their interface as a result of the viscoelastic deformation of their 
surfaces.5 The second approach involves adding some UV-curable prepolymers into the 
colloidal dispersion. This serves as a glue to hold the nanospheres together.6 
 
The glass transition temperature is the mid-point of a temperature range in which a 
complete or partial amorphous material gradually become less viscous and change from 
being solid to liquid. In our experiment, we place our dried sample in an oven and heat at 
~96 °C for ~10 mins. This is the set of same experimental conditions established by 
another research group. 7  The slightly higher than glass transition temperature and short 
duration of heating helps to weld the nanospheres together but minimize deformation so 
that the interstitial cavities of the colloidal crystals are not lost during thermal annealing.  
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4.4.2 Results and discussion 
 
From Fig. 4.19a and b, we can observe that the effects of thermal annealing on PS 
spheres. Firstly Fig. 4.19a shows PS spheres at a high magnification of 40k before 
annealing. Fig 4.19b shows some spheres at the same magnification after annealing. 
Although the two images do not show the same spheres before and after annealing, the 
images suffice our purpose in analyzing the effects of thermal annealing. It is unlikely that 
the spheres have deformed physically because the temperature used is just slightly higher 
than the glass transition temperature of PS (95 °C). The following observations are made. 
1) The spheres retain their spherical nature or the spheres are not significantly 
deformed and do not exhibit any significant change in size. 
2) Visual inspection of the “after image” showed viscoelastic deformation led to the 
welding of spheres together at the interface of contact. Consequently, this led to 
significant charging during the imaging process. 












a) SEM image of PS spheres before thermal annealing at 40,000 magnification. 
b) SEM image of PS spheres after thermal annealing at 40,000 magnification. 
 
 
In brief, the colloidal crystals are effectively welded together into a single unit due to 
viscoelastic deformation of the polymer only at the surface due to the relatively short time 
of annealing. This gives the colloidal crystals a resistance to water so that they can be 
compatible for enzyme usage. Fig. 4.20 shows the images of the thermal annealed sample 
before and after soaking in DI water for 5 mins and gentle blow drying using a nitrogen 
gun. This time, the images present the same position of the sample as evidence that the 
welded structure can withstand a water environment. We observe that there is no 
significant loss of spheres when the thermal annealed sample is soaked in water. The same 
spot is located by using the co-ordinate system provided by the SEM. Landmarks i.e. 
cracks in the multi-layer are used as reference points. 
a b 
















a) SEM image of PS spheres before soaking in DI water. 






This chapter explores on the fabrication of colloidal crystals involving nanospheres of 
different diameters from 1 μm to 100 nm. We have seen that though the horizontal 
deposition method is a convenient way of forming colloidal crystals, the method can be 
tweaked to improve its efficiency by introducing additional surface tension forces that 
serve to pack the nanospheres together and reduce spreading. Thermal annealing preserves 
the FCC packing of the spheres so that our crystals can function in a water environment.
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Chapter 5 




This is the first of the two chapters that involves tracking of fluorescent molecules in 
colloidal crystals using fluorescence microscopy and spectroscopy techniques. First, a 
brief discussion of the working principle and the equipment setup of fluorescence 
confocal spectroscopy (FCS) are put in place. Next, we explain how the measurements 
were performed using the setup to measure the fluorescent fluctuations spectroscopy 
from a variety of molecules with varying molecular sizes in crystals of different sizes. 
In doing so, we vary the ratio of molecular size to colloidal cavity size and investigate 
how diffusion of the molecules is influenced by an increase in spatial hindrance which 
eventually leads to confinement of the fluorophores in the colloidal crystals when the 
colloidal cavity size and fluorescent molecule size become comparable. At the end, we 
provide a discussion on the FCS results. 
 
5.2 Fluorescence Correlation Spectroscopy  
 
Often lauded as a powerful technique capable of elucidating the dynamics of 
biological macromolecules, fluorescence correlation spectroscopy allows real time 
access to a multitude of molecular parameters such as molecular interactions, diffusion 
constants and concentration.1 Additionally, the technique has become an increasingly 
indispensable tool in biological applications where the biological functions of 
molecules can be studied from the change in mobility and other dynamic properties.2 
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FCS is different from other spectroscopy techniques where the primary interest is not 
the emission intensity but rather the spontaneous intensity fluctuations induced by 
minute deviations from the system equilibrium. The interest in the fluctuation rather 
than the intensity itself makes FCS a technique particularly useful in the low 
concentration (nanomolar) range. The presence of many molecules makes the 
fluctuations from individual molecules comparable to the background. To reduce the 
number of molecules contributing to the signal, the focal volume (FV) is reduced in 
FCS by using a high numerical aperture objective and a pinhole in the image plane 
which blocks out fluorescence not originating from the focal region. Since low 
concentrations are used, good signal-to-noise ratio requires high efficiency detectors 
and sufficient suppression of background noise. 
 
A common application of FCS is assessing molecular movements. At thermal 
equilibrium, the diffusion of fluorescent molecules across the illuminated FV gives 
rise to fluorescence intensity fluctuations, from which the autocorrelation function 
(ACF) is calculated using Eq. 5.1. Broadly speaking, G(τ)−1 measures the self-
similarity of the signal after a lag time τ and can be interpreted as the conditional 
probability of finding the same molecules in the FV after a time τ. From the ACF, we 
can have real time access to parameters such as diffusion constant and particle 
concentration. The formula for the ACF is  
2





< >= < >       (5.1) 
The angular brackets indicate a time average. F is the fluorescence emission intensity 
as a function of time and τ is the lag time. 
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For the sake of simplicity, let us consider a single fluorescent molecule diffusing 
through the optically defined observation volume. The fluorescent molecule gives rise 
to an intensity fluctuation depicted in Fig. 5.1a. Considering the formula of 
autocorrelation, an equivalent graphical representation is given in Fig. 5.1b. A copy of 
the observed fluctuation is shifted by τ along the time axis and multiplied with the 
original curve. The area under the resulting curve gives the autocorrelation value for 
that particular τ value. For short values of τ, the overlap between the curves is large 
and decreases gradually for longer time intervals. An indication of the diffusion 
constant is given by the average residence time of the fluorescent molecule which is 
taken as the time for the amplitude of the autocorrelation to decrease to 50% of its 
value at τ=0 . 
   
 
Fig. 5.1: (a) Intensity fluctuation of a single fluorescent molecule diffusing across the 
focal volume. (b) Graphical demonstration of autocorrelation. The intensity trace is 
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Fig. 5.3 Effect of increasing concentration on autocorrelation. 
 
Assuming a Gaussian profile for the laser illumination in the FV, the ACF of the 
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τ =        (5.3) 
D is the diffusion constant, N is the average number of fluorescent particles in the FV. 
G∞  is the convergence value of ( )G τ forτ → ∞ , which is generally, 1. γ is a correction 
factor considering the intensity profile in the FV and can be considered as 1 in general. 
Hence Eq. 5.2 can be written as 
1( )( ) gG G
N
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If the fluorescent population has a fraction with triplet state transition, we need to 
introduce another factor to account for this transition. 







−= + −     (5.6) 
TripletF is the fraction of the fluorescent molecules undergoing triplet transition and 
Tripletτ  is the triplet transition time. Hence the overall ACF becomes 
1 2( ) ( )( ) g gG G
N
τ ττ ∞= +      (5.7) 
A more general expression was introduced for the autocorrelation function for the case 
of anomalous diffusion by Schwille et al.6 The authors assumed an anomalous model 
because the classical equation (Eq. 5.7) failed to fit the autocorrelation function of a 
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single species diffusing through membrane and cell cytoplasm. In this model, the term 
D
τ
τ was replaced by ( )D
ατ
τ . α  is a term which is a measure of deviation from normal 
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−= + +    (5.8) 
and  
'
1 2( ) ( )( ) g gG G
N
τ ττ ∞= +      (5.9) 
 
5.3 Materials and methods 
5.3.1 FCS instrument 
 
A commercial laser scanning confocal microscope (LSCM) (FV300, Olympus) was 
modified and combined with FCS. Laser light from a HeNe laser (543 nm Melles 
Griot) is coupled into the scanning unit (Fig. 5.4, dashed box) after passing through the 
optical fiber, and reflected by a mirror and an excitation dichroic mirror (488/543/633) 
into a pair of galvanometer scanning mirrors (G120DT, GSI Lumonics). After 
scanning, the laser beam is directed into a water immersion objective (60×, NA1.2 
Olympus) by a reflective prism. The objective focuses the light in the sample thereby 
creating the FV. The fluorescence emitted from the sample is collected by the same 
objective, descanned and focused again by a collecting lens into a confocal pinhole. A 
glass slab is used for light beam xy position alignment. A modified detection part for 
FCS (Fig. 5.4, solid box) was mounted on the top of the scanning unit. The 
fluorescence light after the confocal pinhole is imaged by a lens (Achromat f=60 mm 
Linos), through an emission filter (580DF30 Omega), into the active area of an 
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avalanche photodiode (APD) in a single photon counting module (SPCM-AQR-14 
Pacer Components). The TTL output signal from the APD is processed and correlated 
by a digital correlator (Flex02-12D, http://www.correlator.com). A self-written 
program in IgorPro (Wavemetrics) was used for fitting the experimental data to 
theoretical models. Laser power measured before the objective was maintained at 100 
μW. 
                                                
Fig. 5.4: A schematic diagram showing the essential parts of the Laser Scanning 
Confocal Microscope (LSCM) and the FCS setup. 




Several fluorescent molecules were used with a range of molecular weight from 500 
Da to 155 kDa. All the fluorescent species absorb light in the visible green region of 
the spectrum and emit light in the orange-red region. All materials were purchased and 
used without further purification. NHS-Rhodamine was first dissolved in dimethyl 
sulfoxide (DMSO) before further dilution with DI water. The dextranes were dissolved 
and diluted in DI water. Information on the fluorescent molecules is summarized in 
Table 5.1. 




527 - Pierce 
Dextran 4.4 k Tetramethylrhodamine isothiocyanate Sigma-Aldrich 
Dextran 40 k Rhodamine B isothiocyanate Sigma-Aldrich 
Dextran 155 k Tetramethylrhodamine isothiocyanate Sigma-Aldrich 
 
Table 5.1: Information on the fluorescent molecules used for FCS measurements. 
 
The colloidal crystals used were fabricated according to the method in chapter 4 on 
0.15 mm thick glass substrates. SEM images of the fabricated crystals are given in 
chapter 4.  The crystals were formed with 1 μm, 500 nm, 200 nm and 100 nm 
nanospheres. 
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5.3.3 Experimental procedures 
 
Calibration of the system was conducted at the beginning of each experimental 
session. 1 nM Atto565 (Sigma, Singapore) with diffusion coefficients of 2.8×10−6 
cm2s−1 was used as a calibration standard. Atto565 is a common fluorophore used in 
FCS experiments. For every sample, five consecutive data sets were acquired, each for 
a time duration of 30 s. The top surface of the cover glass was located by identifying 
the xy plane which gives off the maximum reflected light. This z position was locked 
as 0 μm. Concentration of species used was 100 nM. 
For FCS measurements inside colloidal crystals, glass slides with colloidal crystals 
were placed on the objective. 60 μl of the fluorescent species at 100 nM concentration 
was then dispensed on the colloidal crystals. The FV was set at a height of 3 μm from 
the top surface. The motorized stage allows us to set the FV at a specific height from 
the top surface. We obtained 5 sets of FCS measurements of 30 s each. 
 
5.4 Diffusion in free solution 
 
The ACF curve for Atto565 on a free cover slide is shown in Fig. 5.5. Fitting the ACF 
to Eq. 5.7 gives a diffusion time of 48 μs. Intensity per particle for Atto565 is about 
100 kHz. The data of all the other samples were also fitted to Eq. 5.7 and the diffusion 
time obtained is tabulated in Table 5.2. 
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Fig. 5.5: Autocorrelation curve 1 nM of Atto565 and fit (Black line) to Eq. 5.7.   
 
The free diffusion times τD determined for the fluorescent molecules are as follows.  
Fluorescent species τD (μs) 
NHS-Rhodamine 48 ± 0.9 
Dextran 4.4 kDa 89.5 ± 2.5 
Dextran 40 kDa 405 ± 4.9 
Dextran 155 kDa 808 ± 45 
Table 5.2: Free diffusion times of fluorescent species. 
 
5.5 Diffusion in colloidal crystals 
 
5.5.1 Background signal from the colloidal crystals 
 
 
The background counts due to scattering of light from the colloidal crystals were 
measured for the different sizes of the colloidal crystals. In the absence of the colloidal 
crystals, the background count of DI water is 300 Hz. In 1 μm, 500 nm, 200 nm, 100 
nm colloidal crystals with DI water, the background count is increased to 1 kHz, 4 
kHz, 16 kHz and 4 kHz respectively. This increase in the counts can be attributed to 
scattering effects from the crystal structure. This is evident in the optical microscopy 
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photos of the crystals shown in chapter 4. The 500 nm crystals have a reddish tinge 
while the 200 nm crystals have a strong bluish tinge in the optical photos. Despite the 
scattering effects, no autocorrelation was found from the background for all sizes of 
the colloidal crystals. A typical ACF curve from the scattered intensity is shown in 
Fig. 5.6. This means that it is still possible to track the fluctuation of the fluorescent 
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Fig. 5.6: Typical ACF inside the colloidal crystal without any fluorescent species. This 
particular example is taken with 200 nm crystals with DI water.  
 
5.5.2 Choice of the diffusion model 
 
In our experiments, the volume from which the fluorescence is collected is smaller 
than the FV of the FCS instrument. If we consider a FV of 0.5 μm by 0.5 μm across 
and 1.5 μm high inside 500 nm colloidal crystal structure, we would be tracking the 
diffusion of fluorescent species through the 4-6 cavities inside the FV. Studies based 
on observations where the diffusion space is less than the FV were done by Gennerich 
and Schild7 in 2000. They tracked fluorescent molecules in dendrites of cultured 
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neurons. The limits within which the standard two-dimensional and three-dimensional 
diffusion models give reliable results were established. Yet the results from this study 
are not applicable to ours as the confined system considered by Gennerich et al. differs 
from the confined system used in our experiments. The report established diffusion 
models for fluorescent molecules under one or two dimensional confinement in 
cylindrical confinement spaces i.e. dendrites. This is in contrast to the confinement in 
our experiment which consists of a network of interconnected cavities. Diffusing 
molecules experience confinement in all three dimensions yet they can diffuse from 
cavity to cavity inside the crystals. 
 
Another study established the diffusion process of nanoparticles with sizes in the range 
between 1 nm and 140 nm in agarose gel.8 The largest hydrodynamic radius of trapped 
particles that displayed local mobility was estimated as 70 nm for a 1.5% agarose gel. 
Diffusion in gel is anomalous, with a diverging fractal dimension of diffusion when 
the large particles become entrapped in the pores of the gel. However the agarose gel 
differs from our colloidal system. For any gel in general, it presents a fractal medium 
with a finite continuous distribution of diffusion lengths such that within this 
distribution the diffusion process appears to be anomalous, and normal outside. The 
high level of periodicity and geometrical identity of our interconnected cavities would 
result in a single diffusion length and thus the diffusion process in the agarose gel may 
differ from that of our cavities. 
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5.5.2.1 Results and discussion 
 
To arrive at the correct model which best describes the diffusion in a network of 
cavities presented by the inverse opal structure the ACF curves were fitted to two 
different models, viz., i) diffusion of one species in three dimensions and having 
triplet-state kinetics (3D1P1T), Eq. 5.7 and ii) anomalous sub-diffusion with triplet-
state kinetics (ASD), Eq. 5.9. The fits for the diffusion of NHS-Rhodamine in 500 nm, 
200 nm, and 100 nm crystals using Eqs. 5.7 and 5.9 are shown in Fig. 5.7. The red 
traces are experimental ACF curves and the black traces are the fits.  The fit 
parameters are tabulated in Table 5.3. 
 
From the ACFs of rhodamine in different colloidal crystal sizes, we see that the 
diffusion of rhodamine is retarded (relative to buffer) and the effect of retardation 
increases with decreasing cavity size. τD increases with decreasing cavity size as 
shown in Table 5.3. Additionally, comparing the fit residuals (not shown) from the 
3D1P1T fit and ASD fit, the temporal decay of correlation cannot be represented as a 
single diffusive process. The residuals from the 3D1P1T fit is significantly greater 
compared to the residuals from the ASD fit and hints that diffusion in the colloidal 
crystals can be represented by an anomalous sub-diffusion model. 
 
The experiment was repeated with the fluorescent molecules listed in section 5.4. 
Rhodamine has a hydrodynamic radius of 0.56 nm.9 The dextranes have approximate 
hydrodynamic radii of 1.4 nm, 4.5 nm and 8.5 nm (according to the manufacturer’s 
specification) in order of increasing molecular mass.  
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NHS-Rhodamine in 200 nm crystals  
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NHS-Rhodamine in 100 nm crystals  
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Fig. 5.7: Experimental ACF curves (red) of NHS-Rhodamine diffusing in 500 nm, 200 
nm, 100 nm crystals and fits (black) to Eqs. 5.7 (left column) and 5.9 (right column).  
 
Nanospheres with diameter 1 μm, 500 nm, 200 nm and 100 nm were used to fabricate 
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the cavities in the colloidal crystals has a radius of 0.156 r, where r is the radius of the 
nanosphere.  
 
We term the ratio of the radius of passage way to the hydrodynamic radius as the 
passage-particle size ratio (PPSR).  
MR (Da) diameter of spheres (nm) PPSR τD (μs) α 
527 1000 139.29 60 ± 27 0.38 ± 0.07 
527 500 69.64 284 ± 32 0.58 ± 0.02 
527 200 27.86 533 ± 100 0.77 ± 0.05 
527 100 13.93 1196 ± 88 0.87 ± 0.01 
4400 1000 55.71 182 ± 61 0.53 ± 0.02 
4400 500 27.86 472 ± 115 0.75 ± 0.14 
4400 200 11.14 1170 ± 50 0.73 ± 0.03 
4400 100 5.57 1236 ± 27 0.86 ± 0.01 
40000 1000 17.33 420 ± 53 0.68 ± 0.07 
40000 500 8.67 826 ± 26 0.73 ± 0.01 
40000 200 3.47 Signs of entrapment 
40000 100 1.73 Signs of entrapment 
155000 1000 9.18 783 ± 24 0.68 ± 0.01 
155000 500 4.59 1270 ± 88 0.86 ± 0.02 
155000 200 1.84 Signs of entrapment 
155000 100 0.92 Signs of entrapment 
 
 
Table 5.3: Experimental fitted parameter of ASD fit for varying values of PPSR.  
 
 
For the same diffusing molecule, decreasing the sphere size increases α, the coefficient 
which reflects derivation from normal diffusion. This can be attributed to an effect of 
averaging. For smaller nanospheres, we see more cavities in the same confocal volume 
and hence the colloidal sample appears more homogeneous to the diffusing species 
and hence α increases closer to one. 
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As for τD, when the diameter of the spheres is large, the diffusion time tends to the free 
diffusion time in buffer. With a decrease in sphere size, τD  increases, reflecting a 
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PPSR can be interpreted as a parameter that indicates the relative freedom for 
diffusion. The value of PPSR determines the mode of diffusion. For large PPSR, 
diffusion is normal and hence τD tends to τD in free solution. As the value of PPSR 
decreases, diffusion becomes anomalous leading to a larger τD values. Eventually 
PSSR decreases to an extent that entrapment of the particles happens.  
 
With decreasing freedom for diffusion, τD increases as seen in Fig. 5.8a. In the case of 
dextranes of molecular mass of 40 kDa and 155 kDa, the ratio of the radius of the 
linking passage of the cavities to the hydrodynamic radii (PPSR) of the dextranes 
becomes 1.73 and 0.92 for 100 nm crystals. In this size regime where the space for 
diffusion becomes comparable to the size of the diffusing molecules, the molecules 
start to get entrapped inside the cavities of the colloidal crystals. Fitting of ACF curves 
with ASD model gave τD   of a few thousands seconds or longer and are marked as 
“Signs of entrapment” in Table 5.3. Not all the cavities have entrapped molecules due 
to the low concentration of fluorophores used, scanning was done to locate trapped 





To investigate diffusion processes in colloidal crystals, molecules with hydrodynamic 
radii in the range between 0.56 nm and 14.5 nm have been tested by means of 
fluorescence correlation spectroscopy. Our results show that diffusion in colloidal 
crystals is anomalous, with a diffusion time that increases with decreasing colloid size. 
The larger fluorophores (dextranes with molecular weight of 40 kDa and 155 kDa) 
become entrapped in the cavities of 100 nm colloidal crystals. This result is useful for 
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the next chapter because horseradish peroxidase have a molecular weight of 44 kDa. 
Hence we expect the enzyme to be entrapped in 100 nm colloidal crystals as well.
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Chapter 6 




We have built up the thesis leading to the verification of entrapment of protein 
molecules inside colloidal crystals which is the focus of this final chapter of 
experimental work. We have provided a theoretical analysis of the inverse colloidal 
crystal geometry for a better understanding of the confinement experienced inside the 
cavities. We have fabricated colloidal crystals based on the capabilities of our 
laboratory. Next, diffusion and confinement were investigated and observed 
respectively using FCS. Now, we are in a position to further validate the concept of 
confinement inside the colloidal crystals by putting in individual active enzyme 
molecules and detecting the protein molecules by their turning of substrates into 
products. 
 
6.2 Single molecule detection 
 
Experimental work in this chapter involves protein molecules at nano molar 
concentrations. At such low concentration of proteins, fluorescence signal captured by 
the FCS system will be more likely from immobilized individual molecules based on 
statistical considerations. Single molecule measurements offer two distinct advantages 
over measurements on an ensemble of molecules. First, ensemble measurements give 
the average value of the parameter of interest, concealing information on the actual 
distribution. Information on the distribution in the parameter values is especially 
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important for inhomogeneous systems which may contain several peak intensities or 
show a strongly slewed distribution. Measurements of single molecules can help to 
reconstruct the heterogeneity of the system under investigation. Bio-molecules, 
especially protein, exhibit a great degree of heterogeneity. Even active proteins exist in 
slightly different conformation states and this influences the turnover rate of enzyme 
molecules. The added advantage of making measurements on many single molecules 
is the discovery of new phenomena which may be concealed by taking ensemble 
measurements. As an illustration, single molecules have shown some unexpected form 
of fluctuating, flickering, or stochastic behavior1.  
 
Second, single molecule measurements remove the need for synchronization of 
molecules undergoing a time-dependent process. An enzymatic system of many 
molecules will exist in several catalytic states at any one time. For ensemble 
measurements, synchronization, which may be impossibly difficult, is needed.   
 
Though single molecule detection has the above listed advantages, it is often hampered 
by poor signal-to-background ratio issues. Background noise has to be minimized2 by 
i) carefully removing any form of impurities, ii) implementing filters that remove 
Raman scattered intensity from water, iii) removing any source of auto-fluorescence. 
The signal strength is increased by using fluorophore with high quantum yield, large 
absorption cross section and high photostability. 
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6.3 Different illumination techniques used for imaging 
6.3.1 Materials  
 
FluoroSpheres of diameter 20 nm (F-8786, Invitrogen, Excitation wavelength 580 nm, 
Emission wavelength 605 nm) were diluted 1000 times with DI water from the stock 
solution. Excitation wavelength used was 543 nm. Laser power was maintained at 
100 μW. Calibration procedures and emission filter are similar to Section 5.3.3. 
 
Quantum dots (Qdot 655 ITK amino (PEG) quantum dots 8 µM solution, catalogue 
number Q21521MP, Invitrogen) were diluted 1000 times with DI water. For the 
quantum dots, an Ar+ ion laser with excitation wavelength of 488 nm was used for 
FCS measurements. Laser power was maintained at 10 μW. The emission filter was 
changed to 670DF40 for the quantum dots. Calibration was carried out with 
fluorescein.  
 
Fluorescent beads and quantum dots were used because of the higher fluorescence 
intensity per particle compared to organic molecules. At 100 μW laser power, the 
calibration dye Atto565 has an intensity per particle of 100 kHz, while the intensity per 
particle for the fluorescent beads is about 5 times higher. The quantum dots exhibit an 
intensity per particle of about 150 kHz at 10 μW laser power. 
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6.3.2 Wide-field epifluorescence microscopy and total internal reflection 
microscopy 
 
To display data acquired for single molecules, it is useful to employ the concept of an 
image or surface plot in which the signal is displayed as a function of two spatial co-
ordinates. By displaying the detected signal from the single molecules and 
background, single molecules appear as discrete peaks or bursts of fluorescence. To 
distinguish individual molecules in the surface plots, the peaks from different 
molecules must not overlap. This is ensured by using a low concentration that will 
result in having less than one molecule in each image spot, i.e. the product of the 
concentration of the molecules and the illuminated volume is much less than one. The 
objective of this section is to demonstrate a technique of showing immobilization of 
fluorescent molecules inside the colloidal crystals. Immobilization can be 
demonstrated from bursts of fluorescence that occur at the same spatial location over 
time as tracked in a series of surface plots. In other words, with consecutive surface 
images taken over a period of time, we can show that the fluorescence spot and hence 
the fluorescent molecule is localized for long periods. There exist three methods to 
obtain surface plots: i) Total Internal Reflection Fluorescence (TIRF) microscopy, ii) 
Wide-field microscopy, iii) Scanning confocal microscopy. We tried all three methods 
and succeeded with the scanning confocal microscopy method as we illustrate next. 
 
Measurements with TIRF and wide-field microscopy were made with a system built 
around an inverted epifluorescence microscope and an electron multiplying charge-
coupled device (EMCCD) camera. The EMCCD sensor has more than 90% quantum 
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efficiency in the wavelength range from 500 to 650 nm. Details of the setup are given 
elsewhere.3 
 
The main principle of TIRF4,5 is based on total internal reflection at the glass-sample 
(often water) interface. When light propagates from the glass to the sample solution, 
the light is refracted according to Snell’s law or reflected if the incident angle is 
greater than the critical angle. During total internal reflection, the light is totally 
reflected from the glass-water interface and an evanescent field is generated on the 
aqueous side of the interface. The evanescent field intensity decays exponentially 
away from the interface with depth of 100-200 nm. The penetration depth is typically 
half the wavelength of the incident light and this ensures high selectivity. On the 
emission path, only light from this thin layer is collected by the objective and this 
gives rise to high signal-to-background ratio, the main interest in TIRF microscopy. 
The parameter of importance is the refractive index difference between the glass and 
the water phase. However in our experiment where the samples involve polystyrene 
nanospheres on the glass substrate, the small refractive difference between polystyrene 
and glass makes TIRF not applicable for our experiments. Both glass and polystyrene 
have a refractive index of about 1.5. 
 
In wide-field microscopy,6 collimated light is directed into the microscope objective 
via a dichroic mirror. No additional confinement is obtained in the z direction and 
hence wide-field microscopy works only with very thin samples. Real time videos of 
fluorescent beads dispensed on and the colloidal crystals of sizes of 500 nm, 200 nm 
and 100 nm were taken with the EMCCD camera.  It was possible to observe the 
fluorescent beads outside the colloidal crystals undergoing random Brownian motion 
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and bombarding the boundary walls of colloidal crystals. However, within the crystal 
structure the scattered light degraded the signal-to-background ratio to the extent that 
we were not able to observe the fluorescence beads inside the 500 nm colloidal 
crystals. The cavities of the 500 nm colloidal crystals should be big enough for 
fluorescence beads to diffuse through. Implementation of a second filter (645AF75, 
Omega) in the emission path to suppress Raman scattered intensity of water at about 
648 nm, did not solve the problem. Residual scattering from the sample and Raman 
scattering from the solvent and the nanospheres are proportional to the volume of the 
illuminated sample degrading the signal-to-background ratio in wide-field microscopy.  
 
6.4 Scanning Confocal microscopy 
6.4.1 Experimental setup 
 
The setup for scanning confocal microscope is the same instrument on which FCS 
measurements were performed in chapter 5. Unlike wide-field fluorescence, in 
confocal scanning microscopy the scanned volume is kept at a minimum (~ atto litre) 
by a tightly focused laser spot and a pinhole in the image plane which helps to remove 
the out of focus blur from the detected signal.  This helps to reduce the background 
arising from scattered intensity from the crystal. In contrast to point scanning used in 
chapter 5, sequential scanning in one and two dimensions is used to obtain line plots 
and surface plots respectively by movement of the FV controlled by a computer. FCS 
measurements in chapter 5 can be considered as a point measurement where the spatial 
position of the FV is unchanged. In a line scan, the FV undergoes a to-and-fro motion 
in one direction (denoted as the x direction). The length of the line being traced is 235 
μm for an observation period of 30 s, hence the FV undergoes to-and-fro line tracing 
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14170 times in the fast scan mode. The surface scan is similar to the line scan but with 
a slight displacement in the y direction for each line that is being traced (raster 
scanning). Each surface scan is equal to 512 line scans but with a slight displacement 
in the y direction for each line scan. Each surface scan covers an area of 235 μm x 235 
μm which corresponds to 512 x 512 pixels on the computer screen. With fast scan 
speed, the time taken for one surface scan is 1.13 ms and 27 complete surface scans 
are obtained in 30 s. 
 
The photon counts detected by the avalanche photodiodes (APD) were not correlated 
using the digital correlator (Flex02-12D) as in the FCS experiments in chapter 5. The 
APD has a time resolution of 1/60 μs i.e. the number of photons captured by the APD 
per 1/60 μs is recorded by the software PhotonCount. The data captured is a string of 
integers presenting the number of photons detected by APD for each 1/60 μs during 
the measurement period. This method gives the flexibility of varying the binning time 
after data acquisition when analyzing the data to maximize signal-to-background ratio.  
 
6.4.2 Experimental procedures 
 
A glass slide with colloidal crystals is placed above the water immersion objective. 
The focal plane of the objective was set inside the colloidal crystals such that the FV 
lies 3 μm above the top of the glass substrate. For background measurement, 60 μl of 
DI water was dispensed onto the colloidal crystal. For fluorescence measurements, 
60 μl of diluted fluorescent beads or quantum dots are dispensed. Different modes of 
scanning: slow or fast, line or surface scan can be selected with the computer. Fast 
scanning mode moves the FV at a speed of 0.222 ms-1 while with slow scanning speed, 
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the FV is moved at 0.091 ms-1. All scanning were preformed for a time duration of 30 
s. Binning times of 100 μs and 10 μs were experimented. 
  
6.5 Results and discussion 
6.5.1 Line Scans 
  
In this section, we seek to determine the mode of scanning (fast or slow) and the 
binning time (100 μs or 10 μs) that is better in obtaining a good signal-to-background 
ratio under line scanning such that bursts of fluorescence from single fluorescence 
molecules can be identified. 
 
Using 100 μs binning time, the background counts of 500 nm colloidal crystals with 
only DI water for fast and slow scan speed are the same (~ 10 photons on average) 
shown in Fig. 6.1a and Fig. 6.1b. However when fluorescent beads are introduced, fast 
scanning (Fig. 6.1c) revealed more features than slow scanning (Fig. 6.1d). Sharper 
and more intense peaks that correspond to bursts of fluorescence were detected with 
fast scanning as compared to slow scanning. Hence we choose fast scanning over slow 
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Fig. 6.1: Photon counts from line scanning in 500 nm colloidal crystals at a height of 3 
μm from the cover slide surface (a) with DI water alone measured at fast scanning 
speed, (b) with DI water alone measured at slow scanning speed, (c) with fluorescent 
beads measured at fast scanning speed and (d) with fluorescent beads measured at slow 
scanning speed. Binning time is 100 μs.  
 
 
Under fast scanning speed of 0.222 ms-1 and a binning time of 100 μs, each bin/step 
corresponds to a distance of 22 μm. To improve the spatial resolution by a factor of 
ten, we reduce the binning time to 10 μs. Fig. 6.2a and Fig. 6.2b show the photon 
counts with 10 μs binning time. Because of the to-and-fro motion in a single line scan, 
a fluorescent spot is viewed twice under one complete tracing. One complete tracing 
takes 2.117 ms and covers a distance of 470 μm and is equivalent to 210 steps with 
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intensity maximum would add up to 210. Example: peak separations 40 170 40 170 40 
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Fig. 6.2: Photon counts from surface scanning in 500 nm colloidal crystals at a height 
of 3 μm from the cover slide surface (a) with DI water alone and (b) with DI water and 
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6.5.2 Surface Scans 
 
 
The data collected is a series of integers which corresponds to the number of collected 
photons in successive 1/60 μs. Hence we need to carry out some data manipulation in 
order to reconstruct the surface plots. With a binning time of 10 μs, the number of 
points per frame is 113111, which can be manipulated as 217 rows x 512 col with 207 
points offset when doing a surface plot. This corresponds to 512 line scans with each 
line scan as a column in the surface scan. 
 
 
Fig. 6.3: One surface plot involving 512 cols and 217 rows. 
 
Each column of the surface plot represents a line scan where the FV is traced in one to-
and-fro motion along the same line in the sample. Each scan line represents 235 μm × 
2 = 470 μm. Each unit along a row represents 2.16 μm. Each unit along a column 
represents 0.45 μm. While tracing a line, photons from the trapped fluorescent 






one line scan 
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same column number but different row number. Starting point of the line scan is 
arbitrary. 
 
A procedure was written in IgorPro to reconstruct each frame and re-dimension the 
string of photon count data into a surface plot of 512 columns by 217 rows (Procedure 
6.1). The input parameters are the photon count wave name, which of the frame out of 
27 that we are interested in, the minimum photon counts to consider as a peak or a 
burst of fluorescence. Output parameters are wavePeak which contains the row and 
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Fig. 6.4: Photon counts from surface scanning in 100 nm colloidal crystals at a height 
of 3 μm from the cover slide surface (a) with DI water alone and (b) with DI water and 















#pragma rtGlobals=1  // Use modern global access method. 
 
function getFrameFast512_x_y(waveNam, frameNo, Vmin) 
 Wave waveNam 
 Variable frameNo, Vmin 
  
 Variable nrow =217,ncol=512, Npt_frame=nrow*ncol, offset = 207 
  
 Duplicate/O/R=( (frameNo-1)*Npt_frame +(frameNo-1)*offset,  
frameNo*Npt_frame-1+ (frameNo-1)*offset) waveNam, waveFrame 
 Redimension/N=(nrow,ncol) waveFrame 
  
 Variable i,  j, tmp=0, maxNpeaks = 100 //we assume 100 peaks max 
 Make/O/D/N=(maxNpeaks,2) wavePeak 
 Make/O/D wavePeak_v 
  
 for (i=0; i<ncol; i+=1) 
  for(j = 0; j<nrow; j+=1) 
   if( waveFrame [j][i]>Vmin ) 
    wavePeak[tmp][0]=i //col 
    wavePeak[tmp][1]=j //row 
    wavePeak_v[tmp]=waveFrame [j][i] 
    tmp+=1 
   endif 







Procedure 6.1 The procedure implemented in IgorPro. It creates individual surface 
plots and notes the spatial position of the burst of fluorescence. 
 
Fig. 6.4a shows the photon counts obtained with a fast surface scan inside the 100 nm 
colloidal crystals with only DI water. Fig. 6.4b shows a similar scan where fluorescent 
beads are added to the crystals. The sample with only DI water and 100 nm crystals 
acts as a control for the experiment. We have about 10 counts on average with no 
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significant maxima observed. When fluorescent beads are added, bursts of 
fluorescence of 20 to 40 counts are observed which indicate the presence of 
fluorescent molecules. Signal-to-background ratio at 10 μs binning was about 3 on 
average. Since 100 nm crystals are used, the size of the cavities is small enough for the 
fluorescent beads to be effectively entrapped hence periodic peak separations are 
observed throughout the 30 s observation time (Fig. 6.4b). This explains the difference 
between the photon count in Fig. 6.2b and Fig. 6.4b. In 500 nm colloidal crystals, the 
fluorescence beads are able to diffuse inside the cavities and no strong periodicity is 
seen in Fig. 6.2b. 
 
Using Procedure 6.1, we were able to transform the photon counts obtained into 
surface plots and identify the position of the peak intensities. Fig. 6.5 shows the 
surface plot at 3 μm from the top of the glass slide during the first second of scanning. 
We extract the row and column number of the maxima from successive surface plots. 
Maxima/ burst of fluorescence identified had at least 15 photons. The peak positions 
are colour coded in Table 6.1 and each colour represents one fluorescent molecule. An 
immobilized fluorescent molecule is seen twice due to the raster scan. This is reflected 
in peaks with the same column number. We see that some of the peaks (color coded as 
orange, red, pink and light blue) can be observed in all the frames which show that the 
fluorescent molecules exist at the same location throughout the 30 s observation time. 
This shows the immobilization of the fluorescent beads and the successful detection of 
them with scanning confocal microscopy. 
 





Fig. 6.5: A typical surface plot showing burst of fluorescence. Counts of less than 10 
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Table 6.1: Row and column numbers of the maxima in each frame. 
col1 row1  col2 row2  col3 row3  col4 row4 
249 28  17 57  248 80  248 34 
249 74  249 28  249 28  249 29 
250 22  249 74  249 29  249 75 
250 69  249 75  249 74  250 23 
251 17  250 23  249 75  250 69 
251 63  250 68  250 23  251 18 
504 183  250 69  250 68  251 64 
505 131  251 63  250 69  504 184 
505 177  251 64  251 64  505 132 
505 178  439 184  504 183  505 178 
506 126  504 137  505 178  505 179 
506 172  504 183  505 179  506 127 
507 167  505 132  506 172  506 173 
   505 178  506 173  507 122 
   506 172  507 167  507 167 
   506 173     507 168 
   507 121       
   507 167       
           
col5 row5  col10 row10  col15 row15  col20 row20 
249 29  248 82  249 78  248 85 
249 75  249 76  250 27  250 28 
250 24  249 77  250 72  250 74 
250 69  250 25  250 73  505 183 
250 70  250 71  504 187  506 132 
251 64  251 20  505 181  506 177 
251 65  505 134  505 182  506 178 
371 13  505 180  506 176  506 176 
505 178  505 181  506 177  506 177 
505 179  506 129  507 125  507 125 
506 127  506 174  507 171  507 171 
506 173  506 175       
507 122  507 170       
507 168          
           
col25 row25          
249 81          
250 30          
250 75          
251 70          
505 185          
506 179          
507 174          
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The same experiment was repeated with quantum dots under identical conditions. The 
quantum dots were of similar size to the fluorescent beads, being 20 nm in diameters. 
The higher intensity per particle of the quantum dots enabled measurements at lower 
laser power, 10 μW instead of 100 μW as in the case of the fluorescent beads. Using 
lower laser power helps to reduce the background signal from the colloidal crystals 







Fig. 6.6: Photon counts from surface scanning in 100 nm colloidal crystals at a height 
of 3 μm from the cover slide surface (a) with DI water alone and (b) with DI water and 
quantum dots measured at fast scanning speed. Binning time is 10 μs.  
 
 
Fig 6.6a is the control experiment and shows the photon count detected by the APD 
from 100 nm colloidal crystals with DI water measured at a height of 3 μm from the 
cover slide surface. The background count is relatively low in the range of 2-5 photons 
for 10 μs binning time due to the lower power (10 μW) of the laser used. Periodic peak 
a 
b 
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intensities are observed when the quantum dots are introduced into the colloidal 
crystals. We recreate the surface plots in Fig. 6.7 based on the intensity obtained in 





Fig. 6.7: Surface plot constructed from the photon count data.  
 
 
To better follow the peaks visually in a smaller area in each frame, an additional 
procedure (Procedure 6.2) was implemented to create a region-of-interest (ROI).  The 
ROI was centered at the same spatial position for each frame. The input parameters of 
the procedure are the two-dimensional frame, the central row number, the central 
column number. The resultant ROI consists of 51 rows and 51 columns which is 
equivalent to an area of 110 μm × 23 μm in the sample. We consider ROI centered at 
row number 142 and column number 81 (red circle in Fig. 6.7) and follow it in each 
frame as shown in Fig. 6.8.  
ROI zoomed in 
Fig. 6.8 





#pragma rtGlobals=1  // Use modern global access method. 
 
function createROI(waveNam, centreRowNo, centreColNo) 
 Wave waveNam 
 Variable centreRowNo, centreColNo 
  
  
 Duplicate/O/R=[ centreRowNo - 25,  centreRowNo + 25] [centreColNo - 25,  






Procedure 6.2: This procedure zooms into a smaller region (region-of-interest) of 




Frame 1 at 1.1 sec         Frame 2 at 2.2 sec 
 
  
Frame 3 at 3.3 sec         Frame 4 at 4.4 sec 
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Frame 5 at 5.5 sec         Frame 10 at 11 sec 
 
  
Frame 15 at 16.5 sec         Frame 20 at 22 sec 
 
 
Frame 25 at 27.5 sec          
 
 
Fig. 6.8: Region-of-interest followed over a period of 30 secs. 
 
 
The surface plots show the presence of 4 quantum dots entrapped in the cavities of the 
colloidal crystals corresponding to the 4 peaks in Frame 1. By zooming in the ROIs at 
the same spatial position, we observe the occurrence of burst of fluorescence at the 
same spatial locations in each frame. A comparison of the above surface plots with the 
surface plots obtained from the control experiment with the colloidal crystals having 
no quantum dots shows that the burst of the fluorescence is not due to the colloidal 
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crystals or any other artifact of the scanning procedure. Burst of fluorescence being 
observed at the same spatial location of each surface plot is strong evidence of 
entrapment of the molecules in space over time. This is in contrast to the case with no 
entrapment (i.e. measurements on cover slide with no colloidal crystals) where any 
burst of fluorescence identified at a time would be statistically impossible to stay at the 
same spot over time due to the free diffusion of the quantum dots in the solution. In 
some of the surface plots, less than four peaks are observed. This may be attributed to 
the blinking7 of the fluorescent molecules where there is no fluorescence.  
 
 
This section has demonstrated how scanning confocal microscopy can be used to 
create surface plots which show where fluorescent molecules (fluorescent beads and 
quantum dots) are immobilized over time and space. In the next section, we will see 
how this work is extended to observe the entrapment of an enzyme monitored by its 
turning over of a non-fluorescent substrate to a fluorescent product. 
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6.6 Horseradish peroxidase reaction with dihydrorhodamine 6G 
6.6.1 Materials 
 
Dihydrorhodamine 6G was obtained in powder form from Invitrogen. It was first 
dissolved in dimethyl sulfoxide and further diluted in DI water in a nitrogen 
environment. The stock solution thus prepared is stored at −20° C and protected from 
light and air. During experiment, dihydrorhodamine is wrapped in aluminum foil and 
kept on ice. Horseradish peroxidase (HRP) was purchased in powder form from 
Invitrogen and diluted in phosphate buffer saline (PBS). It is kept at −20° C during 
storage.  
 
6.6.2 Catalytic reaction of Horseradish peroxidase 
 
The donor hydrogen peroxide oxidoreductase, EC 1.11.1.7, shows kinetics with 
characteristics of a conventional peroxidative cycle8: native, ferric trivalent redox state 
→ pentavalent redox state → tetravalent redox state → native state. 
 
In this section, we choose the non-fluorescent leukodye, dihydrorhodamine 6G, as 
donor substrate which is turned over into the fluorescent product rhodamine 6G. The 
reaction path of HRP with dihydrorhodamine 6G is shown in the scheme8 in Fig. 6.9. 
Native HRP prefers to exist in the pentavalent state. In the presence of 
dihydrorhodamine, HRP oxidizes dihydrorhodamine and a molecule of fluorescent 
rhodamine 6G is released. In the catalytic action, the HRP reduces to the tetravalent 
state. A second oxidation of dihydrorhodamine by HRP transforms the tetravalent state 
HRP to the trivalent state, liberating a second molecule of rhodamine 6G. To complete 
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the catalytic cycle, the HRP is oxidized by hydrogen peroxide from the trivalent state 
back to the pentavalent state. During the oxidation of dihydrorhodamine by HRP, the 
fluorescent product, rhodamine 6G is first bound to the HRP molecule forming a 
fluorescent enzyme-product complex before rhodamine is released. 
 
The peroxidative cycle can be accompanied by side reactions, which we seek to avoid 
by limiting the substrate to enzyme ratio. Using low concentration of substrate 




Fig. 6.9: Reaction path of horseradish peroxidase with dihydrorhodamine. 
 
The objective of the next experiment is to establish the catalytic activity of HRP with 
respect to the leukodye, dihydrorhodamine 6G and hydrogen peroxide H2O2 in solution 








dihydrorhodamine 6G to give 
a molecule of fluorescent 
rhodamine 6G 
oxidise non-fluorescent 
dihydrorhodamine 6G to give 
a molecule of fluorescent 
rhodamine 6G 
oxidised by H2O2
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6.6.3 Experimental procedures 
 
This is a preliminary experiment to observe the reaction of HRP under low 
concentration of dihydrorhodamine and hydrogen peroxide, turning over non-
fluorescent substrates into fluorescent product which is then detected by FCS. This 
part of the experiment involves HRP in free solution i.e. HRP molecules are not 
immobilized in the colloidal crystals.  
 
A cover slide is placed on the objective. First, H2O2 was dispensed onto the cover 
slide. The APD detector was then turned on and the measurement started. 
Dihydrorhodamine was added 30 s after the APD was turned on. HRP was dispensed 
100 s after the APD was turned on. 543 nm wavelength laser with power of 100 μW 
was used. The intensity trace is shown in Fig. 6.10. Effective concentrations (after 
factoring in volume of all reactants used) of HRP, dihydrorhodamine 6G (diRo6) and 
H2O2 were 3.1 μM, 10 nM and 53 μM respectively. 
 
Fig. 6.10: Emission intensity during the introduction of various reactants for the 
enzymatic catalysis of non-fluorescent dihydrorhodamine 6G to fluorescent rhodamine 
6G. 
 
From Fig. 6.10 we can identify i) low background count (200-300Hz) in the presence 
of H2O2 alone from 0 to 30 s time interval. 
H2O2 diRo6 HRP 
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ii) negligible non-enzymatic autocatalysis of dihydrorhodamine by H2O2. Count of 600 
Hz in the presence of dihydrorhodamine and H2O2 was detected from 30 to 100 s time 
interval. 
iii) Introduction of HRP releases the fluorescent rhodamine molecule. This causes the 
intensity to increase to 4000 Hz from 100 s onwards. This confirms the catalytic 
activity of HRP. Background measurement of only HRP in solution is about 500 Hz 
(not shown here).  
 
We confirmed the repeatability of the experiment. It should be noted here that 
dihydrorhodamine degrades rapidly once taken out of −20° C compartment of the 
fridge. Hence fresh samples were used for each experiment and they were placed on 
ice and wrapped in Al foil during the course of the experiment. 
 
6.7 Turning over of substrates by entrapped HRP  
 
This last section of the thesis seeks to combine the knowledge from previous sections 
and chapters to show entrapped HRP in 100 nm colloidal crystals and demonstrate the 
activity of the HRP molecules.  
 
In chapter 3, through a size consideration of the interstitial cavities and HRP we have 
provided a theoretical argument for the entrapment of HRP in 100 nm colloidal 
crystals. In the last chapter we have observed using FCS technique that dextran with a 
molecular weight of 40 kDa are confined in 100 nm colloidal crystals. HRP has a 
comparable molecular weight of 44 kDa and hence it should show similar entrapment 
in 100 nm colloidal crystals. In the first part of this chapter, we have demonstrated that 
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scanning confocal microscopy is a suitable technique to visualize single entrapped 
molecules inside colloidal crystals by construction of surface plots from the recorded 
photon counts despite the high background counts from the colloidal crystals. In the 
previous section, we demonstrated the catalytic activity of freely diffusing HRP 
molecules in solution on a cover slide. The intensity trace revealed a marked increase 
in fluorescence intensity when non-fluorescent substrate molecules 
(dihydrorhodamine) were turned over into a fluorescent product confirming the 
catalytic activity of HRP.  
 
Combining what has been done, we intend to demonstrate the confinement of single 
HRP protein molecules inside 100 nm colloidal crystals using scanning confocal 
microscopy. This allows us to show that single HRP molecules are entrapped in the 
crystals and actively turnover substrates into products. 
 
6.7.1 Experimental procedures 
 
i) To incubate colloidal crystals with HRP, 40 μl of 1 nM HRP solution was dispensed 
on the colloidal crystals and left for 10 mins at room temperature. 
ii) To remove the HRP molecules which were outside the colloidal crystals and hence 
not entrapped in the crystals, fresh PBS was introduced and flushed 10 times with the 
pipette tip aimed away from the crystal. 
iii) Then 40 μl of hydrogen peroxide at a concentration of 120 μM and  40 μl of 
dihydrorhodamine 6G at a concentration of 22 nM was dispensed sequentially onto the 
colloidal crystals. 
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iv) Surface scanning similar to section 6.3.2 was performed. 543 nm laser with power 
at 100 μW is used. 
v) Data analysis of creating surface plots and ROI inside the crystals similar to section 
6.3.2 was performed. 
 
6.7.2 Results and discussion 
 
There are two controls experiments for this part. The first control experiment is on 100 
nm colloidal crystals with HRP immobilized inside with no substrate added. For the 
second control experiment, 100 nm colloidal crystals without HRP but with 
dihydrorhodamine and H2O2 is used. For both controls, we observed that there are no 
bursts of fluorescence detected as shown in Fig. 6.11. 
 
In order to observe the HRP enzyme by scanning confocal microscopy techniques, the 
enzyme has to be fluorescent. Instead of labeling the HRP with a fluorescent dye, we 
supplied non-fluorescent dihydrorhodamine 6G to the enzyme and fluorescent 
rhodamine 6G is produced as product of the catalytic reaction. During the reaction, 
rhodamine is attached non-covalently to the HRP molecule and forms a fluorescent 
enzyme-product complex which allows detection by the APD. The following surface 
plots show intensity peaks of the HRP-rhodamine complex. 
 
























Time (s)  
 
Fig. 6.11: Photon counts from surface scan in 100 nm colloidal crystals at a height of 3 
μm from the cover slide surface (a) with HRP in crystals alone and (b) 
dihydrorhodamine and H2O2 and crystals measured at fast scanning speed. Binning 
















Fig. 6.12: Fast surface scan with HRP in 100 nm colloidal crystals with 10 μs binning 
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Frame 1 at 1.1 sec         Frame 2 at 2.2 sec 
 
 
Frame 3 at 3.3 sec         Frame 4 at 4.4 sec 
 
Frame 5 at 5.5 sec         Frame 10 at 11 sec 
 
Frame 15 at 16.5 sec         Frame 20 at 22 sec 
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Frame 25 at 17.5 sec    
 
 
Fig. 6.13: Surface scans of 100 nm colloidal crystals over a period of 30 s. For clarity, 




In summary, first we established two controls for this concluding experiment. For both 
HRP immobilized in the 100 nm colloidal crystals and for colloidal crystals with 
dihydrorhodamine and hydrogen peroxide dispensed on the crystals, no bursts of 
fluorescence were detected using surface scanning. Fluorescence was detected only in 
the case where HRP are immobilized in the crystals and substrates introduced. By 
doing a series of surface scans, we are able to see the HRP molecules turning over 
non-fluorescent substrate dihydrorhodamine into fluorescent rhodamine. HRP inside 
the crystal could be observed because of formation of a fluorescent HRP-rhodamine 
complex. Hence we have achieved the aim of confining protein molecules in colloidal 




In this chapter, we have achieved what we set out to show: the entrapment of protein 
molecules in colloidal crystals and observe that the protein is in its active state. This is 
done by developing the scanning confocal microscopy technique which allows us to 
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create surface plot inside the crystals. Using 100 nm colloidal crystals and highly 
fluorescent particles such as fluorescent beads and quantum dots we are able to create 
surface plots which demonstrate that the fluorescent molecules are immobilized at the 
same position over the observation period of 30s. Using horseradish peroxidase in 
colloidal crystals, we were able to entrap single molecules of the enzyme and see it 
turning substrates into fluorescent product detectable by fluorescence confocal 
microscopy and scanning confocal microscopy. In the next chapter we provide a 
discussion of the potential areas for future work.
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Chapter 7 
Conclusion and Future Work 
 
7.1 Results of work 
 
The project has been organized to demonstrate a novel biological application: confinement 
of protein molecules in colloidal crystals. . In this section, a summary of the key results 
and tasks accomplished in this work are presented. 
 
The foremost task of the project involves the fabrication of colloidal crystals. We have 
seen  
i) the successful fabrication of colloidal crystals using 1 μm, 500 nm, 200 nm and 100 nm 
diameter nanospheres. 
ii) the horizontal deposition self assembly can be modified to increase the efficiency of the 
self-assembly process. Introducing a template modifies the vertical cross-sectional profile 
of the dispensed colloidal suspension and reduces the contact area which assists the 
formation of colloidal crystals. 
iii) with thermal annealing of 96 °C, the colloidal crystals retain their structural integrity 
in water and no significant deformation to the shape of the nanospheres was observed. 
This is essential since enzymes work in an aqueous environment. 
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The next objective is to show confinement of protein in colloidal crystals. The cavity 
space must be comparable to the protein size to allow the protein molecules to reside 
inside the cavities of the colloidal crystals for sufficiently long time.  
 
We have seen  
i) through computer graphics that in 100 nm diameter colloidal crystals, the largest 
molecule (assuming spherical shape) that can just pass through the passage way has radius 
of 7.8 nm.  This radius is just slightly larger than the largest dimension of the horseradish 
peroxidase molecule (6 nm). Hence horseradish peroxidase can diffuse into the cavity and 
be entrapped in the cavity for a certain period of time before diffusing to the next 
connected cavity. 
ii) how diffusion is influenced by the amount of free space inside the colloidal crystals 
experienced by the diffusing molecule. Molecules (dye and dextranes) of molecular 
weight over four orders of magnitude are used inside the colloidal crystals of different 
sizes. When the PPSR ratio decreases, diffusion changes from normal diffusion to 
anomalous subdiffusion and eventually to entrapment of the molecule. We note that 
dextran of 40 kDa is confined in the colloidal crystals formed from 100 nm nanospheres. 
We inferred that HRP with comparable molecular weight should be immobilized in 100 
nm nanospheres as well. 
iii) scanning confocal microscopy has allowed the creation of surface plots inside the 
colloidal crystal. We show that by using the catalytic conversion of non-fluorescent 
dihydrorhodamine to fluorescent HRP-rhodamine complex, we can see single HRP 
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molecules being trapped in 100 nm colloidal crystals and actively turning substrate into 
product. 
 
Last, we have seen some possible areas of application. 
i) A key advantage of storing protein in the colloidal crystals is the enhanced stability 
achieved from spatial confinement. Thermodynamical calculations show maximum 
stabilization of proteins can be obtained in spherical cages with diameter of about 5 times 
the diameter of the native protein1 This would be satisfied by the tetrahedral cavities and 
the octahedral cavities of the 100 nm colloidal crystals. 
ii) The high periodicity of the cavities makes colloidal crystal a potential material for the 
nanopatterning of protein. This can be used in bio-electronics as a three-dimensional 
memory storage device. 
iii) The three dimensional nature of colloidal crystal increases the loading capacity of the 
colloidal crystals and makes them suitable for pharmaceutical uses such as protein 
microarrays. 
 
7.2 Problems encountered  
 
We summarize three main obstacles faced in this project.  
 
The first problem encountered is the creation of the template used for the fabrication of 
the colloidal crystals in chapter 4. The first attempt to create the template was to use photo 
resist alone and it failed due to the difficulty of spin coating a layer of photo resist 1 mm 
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thick. Attempts to resolve this problem such as successive coating of multiple layers of 
resist did not resolve the problem. This resulted in choosing a mechanical mask instead 
and using photo resist to help stick the mask to the substrate. 
 
The second problem exhausted a few months of efforts. In order for HRP to be detectable 
by FCS, it has to be fluorescent and our initial response to this requirement was to label 
HRP with a fluorescent dye (NHS-Rhodamine in Section 5.3.2). Though the labeling was 
successfully carried and verified with electrophoresis (Section 7.3), problems arise 
because of the difficulty of removing the free dye not attached to the HRP after 
incubation. Slide-A-Lyzer mini dialysis units and gel chromatography columns were used 
in an attempt to remove the free dye. Both attempts failed because after labeling, the HRP 
becomes very hydrophobic and attaches to the dialysis unit and the column resulting in 
little protein being recovered after purification. This problem was solved by taking the 
alternate route of supplying the HRP with a substrate that gives a fluorescent product after 
reaction. (Section 6.6.2) 
 
The last problem encountered was the difficulty in creating surface plots due to the high 
background intensity of the colloidal crystals which often degraded the signal-to-
background ratio of single molecules to unacceptable level. We have elaborated this 
problem in section 6.3.2 where we show that conventional methods of creating surface 
plots with wide-field microscopy and TIRF microscopy failed and scanning confocal 
microscopy was adopted instead (Section 6.4). 
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7.3 Possible directions for future work 
 
Three-dimensional nanopatterning of biological molecules is pretty much in its infant 
stage though it promises huge applications. Our approach of using the interstitial spaces of 
the colloidal crystals as confinement spaces is novel and hence there are many directions 
forward possible based on the work presented in this project. A number of potential 
possibilities are summarized below.  
 
One of the critical criteria for confined protein to be useful in applications such as protein 
microarrays is the ability to retain the protein in the colloidal crystals over time, during 
and after usage as discussed in chapter 2. This is also a critical requirement for usage in 
bio-sensors where leaching of the protein material would similarly result in inaccuracy 
and non-reproducibility issues. This will hamper the development and eventual 
commercial usage of protein microarrays and bio-sensor using colloidal crystals as a 
medium to entrap protein.  
 
A possible disadvantage of using the cavity to entrap protein is stated. Only a small 
volume (26% of the total volume) in the colloidal crystal is available for protein 
entrapment. However if protein are encapsulated in the colloid instead, more spaces is 
available for the protein. 
 
In this work, we presented work based on 100 nm diameter colloidal crystals where the 
interstitial spaces are shown to be effective to capture horseradish peroxidase molecules 
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over a period of at least 30 s. The method involves gravitational sedimentation for both 
the formation of the colloidal crystals and for the enzymes to settle into the cavities. To 
ensure the retention of the protein over a longer period of time, other strategies can be 
considered. 
 
Colloidal crystals can be formed from smaller nanospheres typically using nanospheres in 
the 40 nm range. We have experimented with the formation of colloidal crystals using 40 
nm and 20 nm diameter nanospheres without success using gravitational sedimentation 
(chapter 4). This is because the particles are too small for gravity to be effective in the 
formation mechanism. Denser particles made from silica instead of polystyrene may be 
considered as well as using more complicated fabrication techniques as mentioned in 
chapter 2. The formation of colloidal crystals from smaller nanospheres has not been 
under scientific scrutiny because current research trends have been focused on the 
formation of the colloidal crystals for photonics purposes which uses nanospheres from 1 
μm to several hundreds of nanometers. 
 
We have equally experimented with the formation of colloidal crystals under gravitational 
sedimentation with both protein and nanospheres dispensed simultaneously and left for 
drying in order to encapsulate the protein during the formation process of the colloidal 
crystals. Experiments with 500 nm, 200 nm, and 100 nm nanospheres did not form 
colloidal crystals. This is because the protein introduced in the colloid suspension changes 
the colloidal surface potential and even small perturbations on the membrane surface 
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induce dramatic changes in the macroscopic organization of the colloids2 disrupting the 
formation of well ordered colloidal crystals. 
 
In the event of using small nanospheres, we must provide a way of pumping the protein 
into the nanospheres since protein will not diffuse into the crystals.  Inspirations for a 
suitable method can be drawn from the method of electrophoresis explored by us in the 
biophysics laboratory while preparing biological samples for this project. Sodium docecyl 
sulfate ployacrylamide gel electrophoresis (SDS page) was carried out to establish the 
effectiveness of the labeling of HRP. 
 
A protein (native charged or SDS-charged) will move in an electric field when the pH of 
the buffer is not the same as the isoelectric point of the protein. The velocity, v of the 
migration in the gel depends on i) the strength of the electric field E,  ii) net charge of the 
protein z, iii) frictional force coefficient  f 
Ezv
f
=        (7.1) 
The electric force Ez drives the charged protein molecules towards the oppositely charged 
electrodes and opposes the vicious drag fv arising from the friction between the moving 
molecule and the medium. For our case, the colloidal crystals can replace the SDS gel and 
the electric force can be used to drive the charged protein into the colloidal crystals. The 
two main theories that describe the immigration of a flexible macromolecule (protein) 
through a network are the Ogston sieving model3,4 and the reptation model. 
 




Fig 7.1: A picture showing a typical electrophoresis setup carried out by the author in the 
biophysics laboratory. 
 
The surface plots in chapter 6 have been created using scanning confocal microscopy. The 
focal volume and hence the spatial resolution of confocal scanning microscopy is 
diffraction-limited and the focal volume has a dimension of 0.5 μm × 0.5 μm × 1.5 μm. 
With this spatial resolution, it is not possible to obtain spatial maps which show molecules 
trapped with hexagonal periodicity inside the cavities of the colloidal crystals. Sufficient 
spatial resolution can be achieved based on a wide-field microscopy image though we 
have seen in chapter 6 scattering from the colloidal crystals prevents us from using wide-
field microscopy. A technique based on the fitting of the point spread function of the 
optical system to localize the centroid of the laser beam and using the phenomenon of 
photobleaching gives the highest achieveable spatial resolution of about 10 nm.5 This 
offers the possibility of creating spatial maps which will be a means of monitoring the 
exact number of molecules entrapped in the crystals if it is possible to demonstrate 
uniformity in the number of molecules entrapped in each cavity.  
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7.4 Final words 
 
This thesis involves some exploratory work on the feasibility of using colloidal crystals to 
confine protein molecules. Here, we have shown it is possible to entrap single molecules 
of HRP over space and time and see that it is in its active form turning substrates into 
products. This opens the door for further exploration on issues such as long time retention 
of the protein molecule inside the colloidal crystals, uniformity of the distribution of 
protein in the colloidal crystals, orientation of the protein under confinement for possible 
pharmaceutical purposes. Nevertheless the stage has been set for further investigations on 
the stabilization effects on protein induced by confinement.
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